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ABSTRACT
Five species of the 0Old World monkey genus macaque were studied:

Macaca fascicularis, fuscata, mulatta, nemestrina, and nigra.

Preliminary screening by hemoglobin electrophoresis was used to detect
those animals representative of each species at the phenotypic level.
The adult non-alpha globin genes of three species were then examined:

Macaca fuscata, nemestrina, and nigra. Restriction endonuclease mapping

of the beta and delta loci was performed. A common haplotype background
was determined which appears to be characteristic of the genus Macaca.
Polymorphic sites were also detected which seem to be distinctive of a
particular macaque species. An 0.8 kb deletion between the delta and

beta loci of Macaca nemestrina was detected in one member of that

species. Implications of these data regarding species variation are
discussed. Finally, applications of this information to efforts such as
breeding programs or distinguishing among ambiguous identities of

species are presented.
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CHAPTER ONE: INTRODUCTION
1.A. Hemoglobin As A Model Evolutionary System

Hemoglobin is one of the most thoroughly explored molecular systems.
Without doubt, this is due to the ready accessibility of blood to the
investigator, but there may be other reasons as well. Long before its
function was actually known, blocod was a source of great fascination‘to
man. The ancients believed it to be one of the four "vital humours"
upon which personality or temperament depended (Dickerson and Geis,
1983). Early theories also proposed it as a medium of heredity and some
are still propagated today as one hears of the "bloodlines" of a prized
horse (Dickerson and Geis, 1983). Loftier sentiments of nobility have
also been conveyed, e.g. blueblood. No matter what the driving force
for study has been however, blood has been central to many of man's
greatest scientific achievements. The field of molecular evolution

provides no exception.

Hemoglobin is a major blood protein which is located within red
blood cells and gives them their characteristic colorl. It was the

first protein to have a defined physiological purpose. Little over a

! The term "hemoglobin" was coined by Felix Hoppe in 1862 to
describe the protein as a pigment (Hoppe, 1862).



century ago, in 1864, the English mathematician and physicist George
Stokes demonstrated that the color changes in the blood were associated
with the reversible binding and release of oxygenz. Surprisingly
something as simple as blood color may help to define an evolutionary
system. Hemocyanins, for example, are large, copper containing
proteins which circulate in the extracellular hemolymph of certain
anthropods and molluscs; they have a rich blue color (Bunn and Forget,
1986) thus delineating one of a family of gene products that provide a

solution to the common problem of oxygen-transport.

1.A.1. Hemoglobin Function

Hemoglobin is a widely represented member of a group of gene
products that accomplish oxygen transport. It is the respiratory

pigment employed by all mammals (Bunn and Forget, 1986).

As detailed by Barcroft in 1928, there are four basic physiological
duties of a respiratory pigment. They include: 1) The ability to
transport large amounts of oxygen while, 2) maintaining its solubility;
3) appropriate uptake and release of oxygen at the tissue level; and 4)

the ability to contribute to blood buffering via a bicarbonate system,

2 In the late 1600's, the English scientist Richard Lower
established that the pulmonary circulation acted to aerate the blood
and anticipated that its color changes were related to this event
(Lower,1932).



Hemoglobin provides an exceptionally successful system of oxygen
transport. During its transit through the lung, the pigment collects
oxygen for subsequent delivery to peripheral tissues. Each molecule of
hemoglobin contains four heme molecules, and each heme molecule is
capable of binding a single oxygen molecule. The binding of oxygen to
each heme site does not occur independently, rather the binding of any
one oxygen molecule is influenced by the binding of the others. This
phenomenon is referred to as "cooperativity". Each subsequent oxygen
molecule binds with greater affinity. A change in conformation also

occurs as the deoxyhemoglobin state converts to oxyhemoglobin.

The buffering capacity of the blood is tied to the proton affinity
of deoxyhemoglobin. Under acidic conditions equilibrium favors
deoxyhemoglobin. Thus in low pH environments, such as actively working
muscles, oxygen dissociation is enhanced. This phenomenon is referred
to as the Bohr effect. Other substances can also encourage a shift in
the oxygen-equilibrium curve, e.g. carbon dioxide, chloride ions and

diphosphoglycerate (2,3-DPG).

Diphosphoglycerate acts as a long term moderator of oxygen affinity.
Although all mammals use 2,3 DPG in this regulatory role, other animal
groups have used different organophosphates. Teleosts, or bony fishes,
predominantly use ATP and GTP. Amphibians and reptiles use ATP and
2,3-DPG, while birds use the inositol organophosphates (Bunn and Forget,

1986) .



1.A.2. Hemoglobin Structure

Hemoglobin is composed of two different components: heme molecules
and globin chains. The heme molecule is a functional iron-containing
prosthetic group essential to the binding of oxygen. The globins are
proteins of which there are two genetically coded groups: alpha-like,
and non-alpha, or beta-like globins. Each globin chain has a molecular
weight of approximatly 16,000 (Dickerson and Geis, 1983). The total
molecular weight of the tetramer, including heme groups, is about

64,450.

Each individual hemoglobin molecule is composed of two identical
alpha-like globins and two identical beta-like globins. An example is
the major human adult hemoglobin, HbA, which is commonly represented as
agBy. There are various types of a- and B-globins which may occur in
combination. These hemoglobin types occur at different stages during

ontogeny & development (Table 1.1).

The alpha chain of human adult hemoglobin consists of 141 amino
acids. The primary structure of the beta globin is similar, though
slightly longer at 146 residues. The primary structure, i.e. amino acid
sequence, in turn determines the secondary structure. In the case of
the globins, as much as 75 % of the protein is found in the alpha-helix

conformation (Bunn and Forget, 1986).

The secondary, tertiary, and quaternary structures determine many of



the functional properties of hemoglobin, e.g. the alkaline Bohr effect,

cooperativity, and allosteric interactions.

1.A.3. Ontogeny

There are various globin chains which are produced at different
stages of life. The earliest known forms are the embryonic hemoglobins
of which there are several; hemoglobins Gower-1 and -2 and hemoglobins
Portland I and II. These embryonic hemoglobins are produced during the
third through eighth week of gestation and appear to be synthesized in

the yolk sac (Bunn and Forget, 1986).

Four different globins are implicated in the formation of these
embryonic hemoglobins; two alpha and two non-alpha, or beta-like chains.
The alpha globin representatives include the adult alpha described above
and a purely embryonic form, zeta. The beta globins are represented by
a purely embryonic form epsilon (¢), and a predominantly fetal form,
gamma (y). The size and primary structures of these globins are similar

to their adult counterparts.

The Gower hemoglobins 1 and 2, named after a street in London, were
described by Huehns et al. in 1961. The subunit structure of these
embryonic hemoglobins has been redefined following the later discovery
of hemoglobin Portland by Jones et al. in 1967 (Capp, Rigas & Jomes:
1967) and its subsequent characterization (Capp et al., 1967; 1970;

Kamuzora et al., 1974). Hemoglobin Gower-1 was demonstrated to be



composed of entirely embryonic subunits ({9€¢9), whereas Gower-2 contains
alpha globin (ageg9). The Portland hemoglobins consist of the embryonic

alpha-like ¢ and the fetal gamma globins.

An alternate form of hemoglobin is found during fetal life. This
form was discovered as early as 1866 by Korber (Korber, 1926) who
demonstrated the resistance of newborn red blood cells to alkaline
denaturation. This fetal hemoglobin is designated HbF and is composed
of two alpha- and two gamma-globin chains (@9y9). Two normal forms of
gamma-globin chains have been described (Schroeder et.al., 1968). The
two globins differ at position 136 where either a glycine (Gy) or an
alanine (A7) may be found. Seventy-five percent of the HbF during fetal
life is composed of the G7 form. During the first ten months of
postnatal life this ratio reverses to one in which the &y globin

predominates at a ratio of 60:40 (Schroeder et al., 1971).

There are three hemoglobin molecules identifiable in the human
adult. Roughly 97% of the hemoglobin is the major adult hemoglobin
described earlier. Another 0-1% is the fetal hemoglobin, HbF. Finally,
2-3% 1s the minor adult hemoglobin, HbAy. This hemoglobin is composed

of alpha chains and still another beta-like chain, delta (§).

Hemoglobin Ay was first described by Kunkel and Wallenius (1955)
using the technique of starch block electrophoresis of human
hemolysates. The primary sequence of the human delta chain has been

determined and is compared with the human beta chain in Figure 1.1.



There is great structural homology between the two chains as delta
varies from beta at only 10 of its 146 residues (Dickerson and Geis,

1983).

Though determination of primary and secondary structures of
proteins, and in particular globins, has been widely studied and
reported, the solution of tertiary and quaternary hemoglobin structures
remains the province of only a handful of individuals. Chief among
these is Dr. Max Perutz who has used the technique of x-ray
crystallography. His work will be described in greater detail in

section 1.A.5.

1.A.4. Hemoglobin Electrophoresis

Hemoglobin electrophoresis was first applied by Linus Pauling in
1949 and its efficacy demonstrated by the separation of the sickle
hemoglobin, HbS, from adult hemoglobin, HbA. Pauling lauded
electrophoresis as a technique which could provide clues to a

molecule’s, and thus an animal species’, past.

A major advantage of electrophoresis is the simplicity of the
procedure and the ability to obtain results rapidly. The disadvantage
of the technique is that protein molecules are separated based on charge
differences. Amino acid substitutions which do not involve changing the

charge of the molecule are not likely to be detected.



Human populations have since been screened by hemoglobin
electrophoresis and more than 400 mufants have been detected by this and
related procedures (Wrightstone, 1986). Other members of the animal
kingdom have also been screened using electrophoresis. The data
available is therefore substantial. It is difficult, however, to use
this technique in other than cursory comparisions as the difference (or
lack thereof) in migration between two proteins may have little to do

with the total number of amino acid substitutions.

1.A.5. Amino Acid Analysis

Determination of the primary amino acid sequence of proteins has
provided a database for evolutionary comparisons. In the case of
globins, clearly the most widely sequenced group of proteins, globin
samples from such diverse groups as leguminous plants, insects,
shellfish and all manner of vertebrates have been sequenced. Although
cross-species comparisons have provided considerable evolutionary data,
much information has also been garnered by intra-species comparisons of
the various globin chains which are thought to reflect divergence from a

common orthologous gene.

In general, the assumption has been made that the more similar two
amino acid sequences are, the more closely related the corresponding
animal species will be. Examining differences may also provide useful
information regarding not only species phylogenies but molecular

function as well. The prevalence of conservative as opposed to non-



conservative changes is especially useful in this regard.

1.A.6. X-Ray Crystallography

One of the most remarkable biochemical achievements of this century
has been the elucidation of the three-dimensional structure of
hemoglobin3. Although the primary and secondary structure of proteins
have provided a wealth of evolutionary information, it is often through

examining the tertiary and quaternary structures that keys to the

function of molecules are found.

The three dimensional structure of both oxyhemoglobin and
deoxyhemoglobin have been solved using the techniques of X-ray
crystallography and electron microscopy. X-ray crystallography using
Fourier analysis has reached a resolution of 2.0 to 2.5 A and has
detailed not only the globin sub-unit interactions with each other but
also the region of the heme pocket and the sites of interaction with the

various allosteric effectors (Perutz et al., 1960; Fermi et al., 1984).

X-ray crystallography was an early contributor to the evolutionary
data base as the initial structures to be determined were those of the
horse hemoglobins. All of the major human hemoglobins have had their
tertiary structures determined. In addition, myoglobin structural data

indicate that this molecule has descended from a progenitor common with

3pr. Max Perutz of Cambridge University is largely responsible for
this body of work and has been duly recognized with a Nobel Prize in
Chemistry.
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all globin genes (Dickerson and Geis, 1983).

Other respiratory proteins have also been analysed by these
techniques. Hemerythrin is an intracellular respiratory protein found
in four different phyla of marine invertebrates and is structurally
distinct from hemoglobin (Bunn and Forget, 1986). Hemocyanins are
cupro-proteins with a deep blue color and are found in some arthropods
and molluscs. They are also structurally distinct from hemoglobin (Bunn
and Forget, 1986). Erythrocruorins, on the other hand, are similar to
hemoglobins in that they share a characteristic myoglobin fold. These
proteins also share some primary sequence homology with the hemoglobins.
Erythrocruorins are found among many varieties of invertebrates
including protozoa, platyhelminthes (flatworms), nemertina, annelids
(segmented worms), molluscs, arthropods, and echinoderms (Bunn and

Forget, 1986).

1.B. Molecular Genetics of Hemoglobin

1.B.1. Gene Expression and Protein Svynthesis

The hierarchy involved in the synthesis of hemoglobin can best be

decribed by three terms: DNA, RNA, and protein.

As is the case for all proteins, the genetic information which codes
for globin proteins is determined at the level of the nucleotide

sequence of the DNA. That group of nucleotides which specifically codes



11
for the amino acid sequence of a protein is referred to as a gene locus.
This information will be found on a particular chromosome. In the case
of man the information for the alpha globins is encoded on chromosome 16
while that for the non-alpha globins is encoded on chromosome 11

{(Maniatis et al., 1980).

Each gene locus also has several levels of organization. The
portions of the genes that code for protein sequences are referred to as
exons. Exons consist of triplets of nucleotides referred to as codons,
each of which codes for a particular amino acid. Although each codon is
specific for a single amino acid, the degeneracy of the genetic code is
such that most of the amino acids can be specified by more than one
codon. Figure 1.2 illustrates the messenger RNA codon usage charts for

human alpha and beta globins.

By comparing the two entries in Figure 1.2, a- and B-globin, one can
see that the same amino acid is not necessarily encoded by the same
triplet codon in each gene locus. For example, phenylalanine in the a-
globin is predominantly encoded for by the codon UUC whereas B-globin
uses only UUU. In general however, these two proteins are very similar
in their codon utilization. Such similarities or differences in codon

usage may be of evolutionary significance.

Non-random codon usage is common among protein coding regions.
Several factors may affect codon selection. A major consideration is

the relative abundance of the tRNA's for each amino acid (Ikemura,



1985). Another consideration is that there are two levels at which
codons may be chosen, the first occurring when the amino acids are
selected, the second when the particular codon is determined (McLaclan

et al., 1984).

There are several steps involved in the synthesis of messenger RNA
from DNA. This process, known as transcription, has been thoroughly
reviewed (Collins and Weissman, 1984). The initial product is hnRNA
(heterogeneous nuclear, or pre-mRNA). This transcript is processed by
cleavage of certain portions of the sequence to yield mature messenger
RNA. Those parts of the RNA which are spliced out are referred to as

introns.

Introns, as opposed to exons, do not appear to have a codon type

organization and do not code for the amino acid sequence of the protein.

Although their exact function is unknown, some investigators have
demonstrated that globin introns may act as regulatory elements (Dobkin
et al., 1986). They may also be implicated in limiting gene conversion

events within a gene family (Hill et al., 1984).

The procedure by which the genetic information encoded in the mRNA
enables synthesis of proteins is known as "translation" and has also
been suitably reviewed (Collins and Weissman, 1984). Note that there
are a few special codons which are extremely important in this process.

The codon AUG serves as an initiator codon for all mammalian systems.

As in the case of bacteria, it also codes for the amino acid methionine.

12



Unlike bacteria, however, the initial methionine is non-formylated and

is cleaved from the nascent polypeptide chain during elongation.

There are three chain termination or "nonsense" codons: UAA, UAG,
and UGA. These signal the separation of the nascent polypeptide chain
from the mRNA complex. At this point the chain assumes its
characteristic secondary and tertiary structures and may interact with

other polypeptide chains to form quaternary structures.

1.B.2. Globin Gene Structure and Organization

The human alpha globin genes are located on chromosome 16
(Deisseroth, et al. 1977) and the human beta globin genes on chromosome
11 (Diesseroth, et al. 1978). Earlier traditional genetic analyses had
determined that there were two different types of globins arranged as
family clusters. One group included the alpha globin genes (a,()

whereas the other was the non-alpha cluster (8,6,v,¢).

Subsequent studies using Southern blot analysis and in situ
hybridization have confirmed the initial chromosome placements and have
further localized the beta globin gene cluster to the short arm of
chromosome 11 at band 11pl5 (Magenis et al., 1985) while the alpha
globin gene cluster is on the short arm of chromosome 16 (Koeffler et

al., 1981),

Aside from corroborating gene cluster organization and chromosomal

13
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location data, recombinant DNA analyses have allowed construction of
genetic maps complete with intergenic distances, a feat not possible
using traditional genetic analyses. The currently accepted genetic maps

for the alpha and beta globin gene complexes are presented (Figure 1.3).

As expected, single beta and delta loci, and duplicate alpha and
gamma loci were found. Some interesting and unexpected characteristics
of the globin gene clusters have been determined, however. One may
indeed speak of "families" of genes as it is now clear that the
embryonic loci zeta and epsilon are linked to the alpha and beta loci,
respectively. 1In addition, regions with structural homology to the
globin genes were found which appear to be non-functional thus they have

been labeled "pseudo-genes".

A further feature of interest is that the human genes are located in
the same order 5' to 3' that they are expressed developmentally, e.g..
S'e—Gy—A7—5—ﬁ 3" (Lawn et al., 1980). Several groups have speculated
that the order of gene loci may be important in the control of globin
gene expression. Unfortunately this may not prove to be a general rule
as notable exceptions have been found in studies of chicken and goat

globin loeci.

One might also speculate on the role that the intergenic distances
play. Those elements which are expressed during the same period of
development are found more closely linked than elements which occur at

different stages (Bunn and Forget, 1986). These loci are not only



physically closer together but also display greater homology at the
amino acid and DNA sequence levels. It has been postulated that gene
loci in close proximity are the result of relatively recent gene
duplication events whereas larger distances separate those loci which

are more distantly related (Bunn and Forget, 1986).

It appears that the globin clusters are areas of the genome which
are continuing to evolve. In the case of the alpha-like zeta locus,
individuals have been identified with as few as one or as many as three
zeta-like loci (Winichagoon et al., 1982). Current theories suggest
that cross-over events occur between these closely-related loci.
Similar anomalies have been described for the alpha (Goosens et al.,

1980; Higgs et al., 1980) and gamma loci (Trent et al., 1981).

Advances have also been made in the determination of the fine
structure of the individual globin genes. The DNA sequence is not
colinear with the messenger RNA sequence and the amino acid sequence of
the protein. Rather, there are non-coding stretches of DNA which are
spliced-out during RNA processing. As mentioned earlier, these segments

of the gene are referred to as intervening sequences (IVS) or introns.

The globin genes of man and most other mammals are interrupted by
introns at two positions: between codons 30 and 31, and 104 and 105 in
the beta loci; between codons 31 and 32, and 99 and 100 in the alpha
loci. Figure 1.4. illustrates the fine-structure mapping of human

globin genes. The globins are relatively small genes with few introns
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as compared to such genes as human antithrombin III which is 19 kb in
length and is composed of 6 exons and 5 introns (Prochowick et al.,

1985) or Factor VIII which is 186 kb long and has 26 exons (Lawn, 1985).

There are certain common features of introns among globin genes.
Most of the globins are interrupted by introns at the same codons.
There is a conserved sequence GIT/AG at the 5' and 3’ ends of the
intervening sequence which appears to be critical in splicing out the
DNA. Finally, the sizes of the introns appear to be highly conservative
within the alpha or beta globin groupings, although the two groups
differ from one another in the length of IVS-2. 1In general, IVS-1 is
shorter than IVS-2 for both alpha and beta globins, and IVS-2 among beta
globins is much larger than that of alpha globins (Bunn and Forget,
1986). Few exceptions to this rule have been noted among the fetal and
adult globins. However, the embryonic zeta globin does demonstrate some

differences (Bunn and Forget, 1986).

Although introns appear to be highly conserved in length, they are
much less conservative at the level of the DNA sequence. Paralogous
loci demonstrate significant divergences. Orthologous loci, on the
other hand, have been similar enough to delineate the correct ancestors
of certain loci. The eta (n) globin story was elicited using such data

and will be discussed in greater detail in section 1.D.1.

Little is known about the function of introns although it has been

suggested that they may regulate gene expression or the transport of the

16
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RNA from nucleus to cytoplasm (Bunn and Forget, 1986). It is possible
that this may be accomplished by adopting left-handed Z-helices
(Kilpatrick et al., 1984). Not all globin genes have intervening
sequences, e.g. the functional globin genes of the insect Chironomus

thummi thummi (Antoine and Niessing, 1984).

An alternate hypothesis has been that of "exon-shuffling" which
presents the argument that exons code for functional domains of protein
which may be rearranged to create new functions (Gilbert, 1978; Blake,
1978). An example of evolution by exon-shuffling, that of proteases
involved in blood coagulation and fibrinolysis, has been reviewed by

Patthy (1985).

Finally, Go (1981l) has postulated that introns divide proteins into
modular structural units. Analysis of the distance between a-carbon
atoms in fB-globins suggested the presence of four, rather than three
such domains. Soybean leghemoglobin has since been shown to conform to
this expectation with three introns (Brisson, 1982). The third intron
is found exactly where Go predicted; thus this may indicate the
ancestral conformation of the gene locus (Bunn and Forget, 1986).
Another example of exons defining functional domains of a gene is that

of the human pancreatic polypeptide gene (Leiter et al., 1985).

Recently, several groups have independently derived a "lariat"
mechanism of RNA splicing (Keller, 1984). 1In addition to consensus

GT/AG splice sites at the 5’ and 3’ ends of the introns, ULRNA (a snRNP)



has been implicated. Studies in yeast have demonstrated that this
splicing reaction may have originated as an autocatalytic process thus
prompting the evolutionary question of which came first, the DNA or RNA?

This subject has been thoroughly reviewed (Keller, 1984).

Recombinant DNA techniques have also been used to detail the 5'-
flanking sequences of the globin genes. Three preserved sequences have
been identified which are believed to have important regulatory roles in
protein production. The first is the "ATA" box (ATAA) which is located
approximately 30 nucleotides from the cap site (Proudfoot et al., 1982;
Efstratiadis et al., 1980). The second is the CCAAT sequence located 70
to 80 nucleotides from the cap site. Interestingly, three CCAAT-like
sequences are found 5’ to the human delta globin gene (Spritz et al.,
1980; Efstratiadis et al., 1980). The third structure is of the form
GGGGG(C/T)G and is found 80 to 100 nucleotides 5' from the cap site
(Collins and Weissman, 1984). It is found duplicated upstream of the
human and rabbit g-globins, once before all other B-globins, and is
absent upstream of the poorly-expressed human delta. This sequence is
presumed to be a distal promoter element. A mutation in this element
resulting in f-thalassemia supports that presumption (Orkin et al.,

1984).

The 5'-noncoding sequences which become part of the RNA transcript
have also been investigated. At the extreme 5’ end is the cap site
(m7GppmNmNmN) which is common to all eukaryotic mRNAs and is important

for optimal mRNA function (Shatkin, 1985). Among the globins, the cap
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site is followed immediately by the dinucleotide AC (AT in the e-globin
gene). All eukaryotic RNAs also include the consensus sequence
CC(A/G)CCAUGG which includes the start codon and may signal a site for
ribosome binding in addition to initiation (Kozak, 1984). A mutation in
the initiation codon (AUG —> ACG) in an o2 gene has been identified as a

cause of alpha-thalassemia (Piratsu et al., 1984).

Great similarities among eukaryotic mRNA 3’ noncoding sequences are
found in the 3' terminal poly(A) tail. A common feature among globins
is the hexanucleotide AAUAAA located 20 nucleotides upstream from the
poly(A) tail (Proudfoot and Brownlee, 1976). Both of these loci appear
to be important in stabilizing the mRNA as mutations in either site have

resulted in thalassemia (Orkin et al., 1985).

1.B.3. Globin Pseudogenes

As mentioned in section 1.B.2, one finding of genomic DNA analysis
has been the identification of pseudogenes.4 In the case of the
globins, these are gene-like structures which are not known to code for
any functional protein. Close structural analysis of these pseudogenes
has generally revealed distinct anomalies which would act to prevent

globin gene expression (Little, 1982; Li, 1983).

4 Although pseudogenes had not been previously detected, they were
not unanticipated. Nei predicted in 1969 that the genome of higher
organisms would contain a number of nonfunctional genes (Nei, 1969; Li,
1983). His prediction was based on a comparative analysis of genome
size from bacteria to mammals.
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Several pseudogenes have been found within the human globin
families. There is a single pseudogene in the beta globin cluster.”
Formerly referred to as pseudo-B7, it has recently been renamed pseudo-p
to reflect its distinctive history (see section 1.C.). The 5 (pseudo-
eta) locus is located between the A7 and § structural loci as

illustrated in Figure 1.3.

Pseudogenes have also been detected in the alpha globin gene
cluster. Pseudo-alpha-1 (Proudfoot and Maniatis, 1980) is located 5' to
the a2 globin gene (Figure 1.3). This locus has been thoroughly
characterized and multiple structural anomalies have been detected
including loss of the normal initiation codon and frame-shift mutations
causing premature in-phase termination codons. Most pseudogenes have
acquired multiple mutational events making it difficult to determine

which defect caused the primary silencing event (Li,1983).

A second pseudogene, pseudo-zeta, is found in the alpha cluster 5'
to the 3al locus (Figure 1.3). It has an interesting history in that it
is highly homologous to the functional zeta gene. The two differ by
only a nonsense mutation in codon 6 and two amino acid substitutions

(Proudfoot et al., 1982).

5 A second pseudogene, termed pseudo-f9, was originally identified
in the beta globin gene cluster 5' to the ¢ locus (Fritsch, 1980). It
has since been determined that this locus was not a pseudogene at all
but rather an artifact produced when an A-T rich region of the DNA
hybridized with an AT-tailed globin cDNA probe (Shen and Smithies,
1982).
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Little is known about the function (or lack thereof) of globin
pseudogenes although there are strong suggestions as to the mechanism by
which they arose. Most globin pseudogenes seem to be the product of
gene duplications which have subsequently undergone inactivating
mutations (Li, 1983). It is presumed that these inactivated copies are
then removed from the effects of selection and therefore accumulate
further mutations at a higher rate than functional genes. Eventually
they become fixed in the population on the sole basis of random genetic

drift (Li, 1983) as they seem to lack any selective bias.

A second and far more common type of pseudogene, referred to as a
"processed" pseudogene also exists (Wilde, 1986). These processed
pseudogenes are found at chromosomal locations remote from the globin
gene clusters and are distinctive in that they do not contain any
intron-related structures. In addition, these processed pseudogenes
have a poly(dA) stretch at the 3’ end which corresponds to the normal
poly(A) tail of messenger RNA. It is assumed that this type of
pseudogene is formed when a cDNA copy of an mRNA integrates at random in
the genomic DNA.® 1If this mechanism proves to be true, these
pseudogenes may have been nonfunctional since their origination (Li,
1983). The best representative of a processed globin pseudogene is the
Ya3 gene which has been identified in the mouse (Little, 1982; Marx,

1982; Flavell, 1982; 1Li, 1983).

® The term "retroposon" has also been introduced to describe these
loci (Wilde, 1986).
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An estimate of an average mutation rate for pseudogenes of 5x1079
substitutions per year has been calculated (Li, 1983) making them the
fastest changing of any known gene structure. They evolve twice as fast
as the third positions of codons and approximately nine times as fast as

the first two positions of codons in functional genes (Li, 1983).

It is possible that the rate Qf nucleotide substitution in
pseudogenes may approach the intrinsic mutation rate thus providing a
sultable subject of study for comparing Darwinian vs. neutral theories
of evolution. Interestingly, the average substitution rate in
pseudogenes is higher than that of synonymous substitution (Miyata and
Hayashida, 1981). This may be a reflection of the importance of codon

bias in evolving proteins (Wilde, 1986) (Section 1.B.1.).

The pattern of nucleotide substitution in pseudogenes has also been
examined (Li, 1983; Gojobori et al., 1982). Although it would be
expected that transversion mutations (e.g., A -> T, G —> C) would occur
twice as often as transition mutations, the transition mutations
actually occur more often. Eventually such a sequence without
functional constraint would tend to become rich in A and T. This also
appears to hold true for major portions of noncoding sequences (Gojobori

et al., 1982).

Another consideration in studying pseudogenes i1s their consistent
placement between the adult and embryonic or fetal genes of a cluster

(Wilde, 1986). Cleary et al. (1981) have suggested that these
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pseudogenes may serve some sort of regulatory spacer function. They may
also occupy their intermediate positions because they are orthologues of
a gene locus which was susceptible to inactivation, e.g.. eta globin
(Wilde, 1986). A third consideration is that it is usually a second
adult-gene which achieves pseudogene status (Wilde, 1986). This may be
a reflection of some inherent properties of the enviromment, e.g.
chromatin configuration (Hardies et al., 1984). Finally, the pseudogene
may provide a sort of "fail-safe" mechanism by ensuring that
recombination events with neighboring loci are nonfunctional,
Recombinant adult-embryonic or fetal forms of globins might interfere

with globin regulation and operation (Wilde,1986).7
A number of pseudogenes have been described in other types of gene
families, e.g.. ovalbumin. Their particular features have been

thoroughly reviewed (Wilde, 1986).

1.B.4. Globin Intergenic DNA

Although the gene structures in any family cluster are of immense
importance in an evolutionary study, the intergenic regions also merit
study as the majority of DNA is found in these regions. Although the

true function of intergenic DNA remains obscure, certain regulatory

U Hemoglobin Kenya is a Lepore-type fusion-mutant of the human Ay
and B-globins which exemplifies the results of such an event (Bunn and
Forget, 1986). Recent gene mapping studies have verified the loss of
the DNA which normally occurs in the inter-v§ region (Ojwang et al.,
1983). This mutant is associated with the syndrome of high-persistant
fetal-hemoglobin (HPFH) indicating that there are indeed regulatory
elements located within the intergenic regions of the globin clusters.
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systems are included in this reg]’_on.l*’8

1.B.4.a. Globin Gene Duplication Units

One of the most important mechanisms in the evolution of new genes
and biochemical pathways is that of gene duplication (Li, 1983). It is
clearly an important method for increasing gene products. The presence
of multiple gene families, e.g. the globins, in mammalian and other
higher systems indicates that it is also not an infrequent event (Li,
1983). 1In the globins, for example, it is probable that a gene
duplication event 800 million years ago led to the divergence of

myoglobin and hemoglobin (Li, 1983).

There are two mechanisms by which gene duplication may occur: tandem
gene duplication and genome duplication (Li, 1983). Ohno (1970) argues
that genome duplication is the more important process as needed
regulatory elements are also duplicated. There does not appear to be a

shortage of the results of tandem gene duplication, however.

Gene duplication acts not only to provide higher production of gene
products, but also aids in the acquisition of new gene functions.

Partial gene-duplication in the form of functional or structural domains

8 L1i et al. (1985) have determined the nucleotide sequence of 16
kbp of DNA 5’ to the human e-globin gene. They identified numerous Alu
and Kpn repeats but no open reading frames within these regions. 1In
addition, they identified a 2 kb region with unusual features, including
a potential stem-loop structure, a unique 39 bp repeat, and a GC-rich
region. As this 2 kb region is conserved in goats it may be of
functional significance.
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of proteins also appears to be an important mechanism in gene elongation

(See Section 1.B.2 for a discussion of exons as functional domains).

One may use the degree of homology in regions of DNA surrounding
genes to define the size of gene duplication units. As reliable
estimates of age or time since divergence of two loci can only be
determined by examining those parts of the gene which have not undergone
gene conversion events (Wilde, 1986), these flanking regions become more

integral to evolutionary analysis.

1.B.4.b. Repetitive DNA

There are a number of short DNA elements which are repetitive and
are found interspersed throughout the human genome. One such group is
the Alul family of repetitive DNA which is named for the restriction
enzyme whose recognition site lies in the middle of each element (Houck

et al., 1979; Schmid and Jelinek, 1982; Jelinek and Schmid, 1982).

The Alul repetitive DNA elements are found as single copies or as
double copies in an inverted-repeat orientation (Jelinek and Schmid,
1982). They are short (only 300 nucleotides long) but occur some
300,000 times within the human genome (Jelinek and Schmid, 1982) at
intervals of approximately 2500 bp (Arnheim, 1983). The Alul elements
are not necessarily exact copies. Rather, they display an average of
about 80% homology throughout the human genome (Schmid and Jelinek,

1982). Such conservation of repeated sequences scattered throughout the
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genome relies on mechanisms implicated in concerted evolution (Section

1.D.1., Footnote 1).

Within the non-alpha globin gene cluster, Alul repeats are found as
shown in Figure 1.5. They occur 5' to the ¢ gene and on either side of
the v gene and §-f gene pairs. They occupy similar positions in the

alpha globin gene clusters (Hess et al., 1983).

Although the exact function of Alul repeats is unknown?, it has been
demonstrated that they can be transcribed in vitro by RNA polymerase III
to yield RNA molecules (Duncan et al., 1979; Duncan et al., 1981;

Di Segni et al., 1981). It is believed that such transcripts may be

implicated in vivo in maintaining the homology of the dispersed members

by the processes of concerted evolution (Arnheim, 1983). In vivo

studies of the human beta globin gene clusters have also demonstrated
transcription of Alul sequences when the adjacent globin gene (¢) was

being expressed (Allan and Paul, 1984).

The finding that Alu-repeat elements are usually flanked by short
direct sequences of DNA is consistent with the hypothesis that the Alu-
repeats are the remnants of transposable elements. They may have been
generated as cDNA copies by reverse transcriptase from short RNA

elements and inserted throughout the genome (Sharp, 1983; Wilde, 1986).

9 Alu-type insertions have been identified in the introns of
ruminant fetal and adult beta globin genes. It has been hypothesized
that gene conversions between these two loci have been inhibited by the
presence of these Alu sequences (Schimenti and Duncan, 1985a).
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Processed pseudogenes appear to have a similar evolutionary history and
the two groups have been included in the common classification
"retroposon" (See Section 1.B.3.). Arguments as to the source of these
elements have included reverse-transcription of RNA polymerase III
transcripts (Jagadeeswaran, 1981l) and 7SL genes (Ullu, 1984). Whatever
the origin of these sequences, they predate the divergence of the human
and chimpanzee as their positions in the pseudo-a region have been

conserved in these two groups (Sawada et al., 1983).

A second family of repetitive elememts is that of the Kpnl family of
repeats. These pieces of DNA are longer than the Alul sequence and are
repeated less frequently. They are also named for the restriction
enzyme whose recognition sequence they include (Jelinek and Schmid,
1982; Shafit-Zagardo et al., 1982; Collins and Weissman, 1984). KpnI
repeats have been located 5' to the human ¢ (Li et al., 1985), 5' to the
human G7 (Forget, 1981) and 3’ to the human B-globin (Kaufman et al.,
1980; Adams et al., 1980) genes (Figure 1.5). KpnlI sequences have also
been referred to as "LINEs", i.e. long interspersed nucleotide elements
(Singer, 1982; Rogers, 1983) as opposed to "SINEs" (short interspersed

nucleotide elements).

The KpnI elements differ from the Alu sequences in that they range
from 1.5 to over 6 kb in length. Within the Kpn stretch of DNA there
may be subsets of repetitive sequences which may be arranged in
differing orders depending on the site being studied (Bunn and Forget,

1986).
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As in the case of the Alu repeats, the function of Kpnl elements is
unknown although they are known to be transcribed into RNA molecules
(Shafit-Zagardo et al., 1983; Kole et al., 1983; Schmeckpepper, 1984).
They also have a poly(dA) sequence (DiGiovanni, 1983) and are flanked by
direct repeats (Thayer, 1983; Nomiyama, 1984) which is suggestive of

transposition of a cDNA element into the genome (Wilde, 1986).

KpnI sequences have been identified in mouse (Martin, 1984) in
addition to man. Nucleotide sequence analysis of such structures has
revealed the presence of a long open-reading frame indicating the

potential for encoding a protein (Potter, 1984; Martin, 1984).

A third and highly conservative form of repetitive DNA has been
identified in the region between § and B loci of the beta globin gene
cluster (Miesfeld et al., 198l). The element is short (250 bp) and is
homologous to the nontranscribed spacer DNA of the mouse ribosomal RNA
genes. Due to its conservative nature, it may be blocked during
Southern blot analysis if salmon-sperm DNA is used to reduce background
hybridization. It is also homologous to sequences in such lower
eukaryotes as slime mold and yeast indicating that it is conserved

thoughout eukaryotic evolution (Miesfeld, 1981).

Of particular interest in this third un-named family of repetitive
DNA is the presence of 16 to 17 tandem repeats of the dinucleotide TG
(Poncz et al., 1983). A similar sequence has been implicated as a "hot-

spot” for recombination between the gamma globin genes (Slightom et al.,



1980; Shen et al., 1981).

1.B.4.c. Simple Sequence DNA

There are regions of DNA located 5’ to the G7 and §-globin genes
which are composed of predominantly pyrimidines on one strand and
complementary purines on the other (Poncz, 1983). These regions vary
from 200 bp (5' to Gy) to 40 bp (5’ to §). A simple repeat sequence,

ATTTT is also located 5' to the B-globin (Spritz, 1981).

Regions of simple sequence DNA have been demonstrated to have
increased 81 nuclease sensitivity and an ability to adapt left-handed Z-
DNA conformation (Bunn and Forget, 1986). Such a locus is found between
the §- and B-globin genes (Poncz, 1983) and may contribute to the
formation of restriction-fragment length polymorphisms in the area. An
analogous construction is found in the inter-zeta hypervariable region

as described by Higgs et al. (1981).

1.B.5. Restriction Fragment Length Polvmorphism of the

Globin Gene Cluster

The noncoding DNA does not appear to be subject to functional
constraints to the degree to which the coding DNA is, thus allowing such
sequences to evolve more rapidly. These changes are therefore not
subject to any negative bias of natural selection, thus, they may be

maintained in the population. These extragenic (noncoding) changes may

29
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be detected by screening for restriction fragment length polymorphisms

(RFLPs) .

Restriction fragment length polymorphisms are detected when total
genomic DNA is restricted with a particular restriction endonuclease,
subjected to agarose gel electrophoresis, and blotted onto
nitrocellulose paper or a nylon membrane according to the method of
Southern (1975). The membrane-bound DNA is then probed with the
radioactive single-stranded DNA of interest. The results are determined
by detecting bands on exposed x-ray film. It is the size of the band
(as determined by the distance of migration from the origin) which
provides the RFLP information. If multiple band sizes are detected
using a single probe and restriction enzyme then a polymorphism exists.
Such RFLP markers have recently been identified for several genetic
disorders, e.g. Duchenne muscular dystrophy (Monaco et al., 1985) and
cystic fibrosis (Knowlton et al., 1985; Wainwight et al., 1985; White et

al., 1985).

Numerous factors may contribute to the generation of restriction
fragment length polymorphisms. The simplest case is that of a single
base substitution which either destroys or creates a restriction enzyme
recognition site. In the former case the new band detected will be
larger than before while in the latter case it will be smaller. If the
probe flanks the recognition site either case may affect the total

number of bands detected.
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An alternate mechanism of generating restriction fragment length
polymorphisms is the insertion or deletion of sizeable fragments of DNA.
This type of polymorphism may be detected with multiple restriction
enzymes. There are several ways in which insertions or deletions may
occur. One example is that of a hypervariable region such as that found
between the zeta and pseudo-zeta loci of the alpha globins (Goodbourn et
al., 1983, Goodbourn et al., 1984). The variability has been ascribed
to the number of tandem repeats of a 36 bp sequence. This sequence can
be subdivided into 14 bp domains which are closely related to each other
and to other tandemly repeated elements found throughout the genome,
e.g., in the 5' flanking DNA of the insulin gene (Bell et al., 1982;

Ullrich et al., 1982).

There are multiple polymorphic sites in the human beta globin
cluster (Figure 1.6). Many of these are due to the simple alteration of
a specific restriction endonuclease site and can be categorized as
either being present (+) or absent (-) (Orkin et al., 1983; Orkin and
Kazazian, 1984). Several of these sites are located within the Kpnl

repeat element located 3' to the beta locus (Bunn and Forget, 1986).

The majority of the non-alpha RFLP sites occur among widely
dispersed population and racial groups indicating an early origin of
these sites within the human species. The various sites do not occur
totally at random, however, as there are distinct linkage patterns which
have begun to emerge. These groupings or combinations of RFLPs have

been termed "haplotypes".
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Haplotype analysis has been applied to the question of the origin of
the human sickle cell mutation by many groups (Kan and Dozy, 1978; Kan
and Dozy, 1980; Antonarakis et al., 1982; Piratsu et al., 1983;
Wainscoat et al., 1983; Antonarakis et al., 1984; and Pagnier et al.,
1984). Such studies have demonstrated the extreme heterogeneity of the
haplotype background on which the sickle mutation has arisen. Multiple
separate mutations must have occurred to generate this degree of
divergence. In the case of sickle cell disease, haplotype analysis has
also been useful in defining groups which have varying severity of the
disease on a geographic basis (Nagel et al., 1985) as demonstrated in

Table 1.2.

Figure 1.6. also demonstrates that there are two groups of
polymorphisms which tend to occur in linkage disequilibrium: I and II
(Bunn and Forget, 1986; Collins and Weissman, 1984). Between these two
regions is an area with a high frequency of crossover or recombination
events (Orkin et al., 1983; Piratsu et al., 1983; Chakravarti et al.,
1984). It has been proposed that there is a "hot spot" for
recombination between the 5' end of the §-globin gene and the 5' end of
the B-globin gene (Bunn and Forget, 1986). The mechanism for these
recombination events may involve the use of a block of tandemly repeated

ATTTIT elements or TG dinucleotides (Section 1.B.4.b).
1.C. Molecular Phylogeny of Globins

The earliest indication that there was a family of related globin
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genes came with the comparisons of the three-dimensional structures of
sperm-whale myoglobin (Kendrew et al., 1960) and horse a- and f-globins
(Perutz et al., 1960). The initial amino acid composition data
(sequences were unknown) would not have led anyone to suggest that the
two proteins bore any great resemblance to each other (Dickerson and
Geis, 1983). Protein crystallography, however, revealed that each of
the four chains in the horse hemoglobin molecule was folded exactly like
the single sperm-whale myoglobin chain. This triggered the suggestion
that hemoglobin was simply four myoglobin molecules which had been
assembled (Dickerson and Geis, 1983). Amino acid sequence comparisions

provided the first comfirmation (Edmundson, 1965).

This simple model of globin relationship at the structural level
spawned theories of globin molecular evolution which have been enriched
by ever-increasing molecular data. The model of globin evolution is
that the ancestral protein came from a single gene. This gene underwent
a series of duplication events; each of the lineages formed from
duplicated loci accumulating independent mutations (Dickerson and Geis,

1983).

There are three main families of globin chains: «, 8, and myoglobin.
Although all of these groups share certain characteristics, they are
also distinct. Only five amino acid residues remain totally invariant
(Dickerson and Geis, 1983). The overall similarity among globin
molecules is greater than these five since many of the amino acid

changes have been conservative (Dickerson and Geis, 1983). The



subunits of hemoglobin have nonpolar regions on their side-chains which
promote aggregation. 1In addition, the sites of a—f chain interaction
and the heme-binding pockets are essentially totally conserved

(Dickerson and Geis, 1983).

The frontiers of globin gene history can be pushed back even further
if one considers leghemoglobin, a protein in the nitrogen-fixing root
nodules of legumes (Dickerson and Geis, 1983). The globin’s function in
this context is unusual, however, in that leghemoglobin, unlike all
other globins, acts to remove oxygen from the vicinity of the root

nodules rather than transporting it to them.

Although it is apparent that there was a globin ancestral gene as
early as 600 MYA (million years ago), it is also apparent that the
divergence which resulted in the separate a- and B-globin lineages did
not occur until sometime later. The best estimate is that the
separation occurred 450 MYA during the time of early vertebrate
evolution (Hunt et al., 1978; Czelusniak et al., 1982). The myoglobin-
hemoglobin duplication occurred earlier, 500-800 MYA (Jeffreys et al.,

1984).

Xenopus is the earliest form of vertebrate which has been studied to
date. In this group the a- and B-globin genes remain as linked clusters
on a single chromosome. In some toad species there is a single linked

cluster while in the case of the species Xenopus laevis there are two

such linked clusters on different chromosomes (Jeffreys et al., 1980;
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Patient et al., 1980; Hosbach et al., 1982; Hoshbach et al. 1983). It is
believed that this arrangement arose as a result of tetraploidization

(Bunn and Forget, 1986).

In the lineages leading to birds and mammals, the alpha and beta
globins have retained their family cluster organization but the clusters
have been located on different chromosomes, with the myoglobin locus on
yet a third (Bunn and Forget, 1986; Jeffreys et al., 1984). The

mechanism by which this arrangement was accomplished is unknown.

Each globin cluster has been formed by continued gene-duplication
events. The resultant genes can be divided into two categories.
Orthologous genes are those which are common to many species. Of
necessity, the duplication events which generated them must have taken
place prior to the time of speciation. Paralogous genes, on the other
hand, are those which have arisen by gene duplication events within a
given species. Each of the globin clusters is composed of both
orthologous and paralogous loci. The differences become important only

as one compares across species boundaries.

1.D. Evolution of the Beta Globin Family

1.D.1. General Considerations

The evolutionary history of the beta globins has been long and

varied. It will be presented in considerable detail in this section.
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The history of the alpha globins has been reviewed elsewhere (Bunn and
Forget, 1986). Other gene families have also been identified, e.g.
histone clusters, which indicates that generation of multigene families

is not unique to globins (Perry et al., 1985).

The beta globin gene family has been created through a series of
gene duplication events (Section 1.C). The state of the cluster varies
considerably from one species to the next. Certain features, such as
orthologous gene loci, are shared as one crosses species boundaries.

The major differences are determined by paralogous loci or the number of
times that the total cluster has been duplicated. Finally, all species
have differential expression of globin genes thoughout ontogeny and
development. In general, these loci are arranged from 5’ to 3’ in the
order which they are expressed, i.e. embryonic through adult forms.
Exceptions to this rule do exist and they will be presented in section
1.D.2. An overall scheme of the chromosomal organization of the various

species-specific globin gene clusters is presented in Figure 1.7.

The initial attempts at constructing a globin phylogeny were based
on the results of amino acid sequence analysis. These attempts were
hampered somewhat by the degeneracy of the genetic code. The amino acid
substitutions did not always prove to be the result of unambiguous

substitutions at the level of the DNA.

Nucleotide substitutions can have two different results. Silent-

site substitutions do not change the encoded amino acid sequence whereas
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replacement-site substitutions do. Comparisons of the number and type
of nucleotide substitutions can give an estimate of the degree of
relatedness of the proteins under consideration. Investigators have
handled this data in differing ways. One way is to assume that the
number and type of substitutions can provide a fixed evolutionary time
scale. Estimates for the rate of silent-site substitutions are in the
range of 1 per cent per 1.4 million years (Perler et al., 1980) whereas
replacement-site substitutions occur at the rate of 1 per cent per 10

million years (Efstratiadis et al., 1980).

Efstratiadis et al. (1980) have used the fixed rates to elucidate a
proposed phylogenetic tree for the beta globins. They estimated that
the delta and beta globin loci diverged most recently, only 40 million
years ago. Gamma and epsilon, the fetal and embryonic forms of beta
globin, were the result of a duplication-divergence event which occurred
some 100 million years ago. Finally, the divergence between the adult
(6,B8) and embryonic-fetal (e¢,vy) branches took place nearly 200 million

years ago.

An alternate method is to pattern phylogenetic trees on the total
number of independent mutations which occur between lineages, regardless
of the time scale. The smallest number of mutations is used to detect
the closest branch points. This is the method of maximum parsimony

analysis as espoused by Goodman (Czelusniak et al., 1982).

A major pitfall of both of these methods is the inability to
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accomodate the effects of gene conversion events. Gene conversion
occurs when intrachromosomal recombination happens between linked genes,
resulting in the correction of one gene sequence to that of the other
and is believed to be an important mechanism of concerted evolution of
gene families such as the globins (Arnheim, 1983)10. An excellent
example of this process has been described in the fetal globin genes by
Slightom et al. (1980; 1985; Shen et al., 1981).

The two fetal globins of man are linked in the configuration Gv-AT.
The amino acid sequence of these two proteins are nearly identical;
thus, initial estimates dated their divergence as occurring within the
recent past. Nucleotide sequence analysis has altered this estimate by
incorporating the data available from the larger non-coding intron (IVS-
2). 1In a particular individual, the IVS-2 of the Ay-gene on one
chromosome was more similar to the second intron of the Gy locus on the
same chromosome than it was to the Ay—gene on the other homologous
chromosome (Slightom et al., 1980; Shen et al., 1981). A gene
conversion event can best explain these results (Stephens, 1985). A
smaller-scale gene conversion event may account for the findings of

individuals with linked Ay-84 or Cy-Gy loci (Powers et al., 1984).

10 It has been noted that the sequences of paralogous loci are
often more homologous within a species than orthologous loci are between
species. This phenomenon has been termed "concerted evolution" (Zimmer
et al, 1980). A popular molecular mechanism to explain these findings
is gene conversion although convergence through parallel mutations is
also implicated (Arnheim , 1983). Concerted evolution occurs not only
in multigene families, but also in highly repetitive families such as
the Alul repeats (Section 1.B.4.b.).
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A second example of an evolutionary divergence event occurring in
the more distant past than was originally predicted is that of the human
delta and beta globin loci. Initial estimates for this date of 40
million years ago (Estradiadis et al., 1980) have been modified by the
inclusion of non-coding DNA and cross-species analysis (Hardies et al.,
1984; Hutchinson et al., 1984; Hardison, 1984; Hardison and Margot,
1984). These data would indicate that the 5' flanking and coding
sequences of the §-globin gene were actually converted to B-globin-like
sequences 40 million years ago. The gene locus itself is clearly much
older as §-like genes are found in prosimii which diverged as long as 75

million years ago (Jeffreys, 1982).

Another interesting locus in the beta-cluster is that now called
pseudo-eta (¥n). This locus, formerly referred to as 8, is located
detween the &y and 6-globin genes (Figure 1.3). Dot matrix analysis,
whereby the nucleotide sequences are plotted out in a two-dimensional
array (Konkel et al., 1979), has revealed that although the locus has
considerable homology with the human e-and y-globin genes, it is
actually more closely related to the goat ell gene (Figure 1.7). This
would indicate that the human ¥ and goat ell genes are related
orthologously whereas human ¥ and human ¢ and y are related

paralogously (Goodman et al., 1984; Harris et al., 1984).

Other animal species have also contributed to unraveling the eta-
globin story. The brown lemur, a prosimian, has a pseudogene (Figure

1.7) which appears to be a fusion between ¥n at its 5' end and §-globin
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at its 3’ end (Barrie et al., 1981l; Jeffreys et al., 1982; Chang et al.,
1984). This is probably the result of nonhomologous crossing over

between pseudo-eta and §-gene loci (See Section 1.D.2.g.).

An important implication of the discovery of eta-globin as an
independent functional locus is that the prototype mammalian beta-globin
gene cluster must have been composed of five, rather than four, distinct
loci. These five loci could be divided into two groups which probably
arose from independent gene duplication events: 1) Proto-¢, —y, and -p;
and 2) proto-§ and -B. The history of these proto-globin genes can be

traced for several species lineages.

1.D.2. Specific Examples of Beta-Globin Gene Clusters

Only a handful of species have been examined at the molecular level.
Each species has made a unique contribution to the overall story of
beta-globin phlyogeny. General comments on the molecular genetics of
the beta globin clusters were presented in Section 1.D.1. An overall

scheme of beta-globin cluster maps was shown in Figure 1.7.

One objective of the comparative study of globin genes has been an
attempt to identify regulatory elements by looking for the most
conserved areas or sequences (Edgell et al., 1983). The overall
organization of the globin clusters has proven to be surprisingly
diverse, which will make determination of orthologous loci and sequences

fairly challenging.



The South African Clawed Toad (Xenopus laevis) is the best

characterized amphibian with respect to the globin genes. While higher
vertebrates have a- and B-clusters on different chromosomes, those of

Xenopus laevis are found linked on a single chromosome. There are two

clusters of globin genes per chromosome. Each cluster has the overall
arrangement of 5'-(larval a-genes)-(adult a-genes)-(adult 8-genes)-
(larval B-genes)-3' (Meyerhof et al., 1984). There have been a total of

12 globin loci detected in Xenopus.

The fine-structure of the globin genes appears to be conserved from

amphibia to mammals as the larval fy-gene of Xenopus laevis is composed

of 3 exons and two introns.

1.D.2.b. Chicken and Duck

The chicken beta globin complex is distinctive among non-alpha
globin families in that it lacks a pseudogene (Dolan, et al., 1981;
Villeponteau and Martinson, 1981; Roninson and Ingram, 1982). The avian

alpha globin complex also lacks such a locus (Engle and Dodson, 1980).

1.D.2.¢c. Mouse

There are four known expressed f-globins in the Mus musculus

haplotype (Hbb]d (Edgell et al., 1983): two are adult B-globins and two

41
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are non-adult. At the level of the DNA sequence, however, there appear
to be seven structures with homology to the mouse adult B-globin (Edgell
et al., 1983; Jahn et al., 1980). Of these seven structures, three can
be demonstrated to code for the functional B-globin proteins: d-major
(dmaj), d-minor (dmin), and a non-adult protein 5 (Edgell et al., 1983:

Konkel et al., 1979).

There is a second beta globin haplotype present in Mus musculus;

[Hbb]® (Edgell et al., 1983; Weaver et al., 1981). It also has two
adult coding loci although only a single B-globin protein is found.
Nucleotide sequence data indicate that a gene-conversion event has taken
place on the [Hbb]® cluster resulting in two loci similar to the gdmaj

of the [be]d haplotype.

The intervening sequences of gdMaj and gdmin oyhibit considerable
divergence despite the homology of the coding sequence (Edgell et al.,
1983). This may reflect lower selection pressures on noncoding DNA. It

may also depend on the inherent nature of the DNA to undergo mutation.

As in other genera, the mouse globin loci also contain a family of
repeat sequences which occur in at least nine locations. Overall, they
ocecur some 20-50,000 times within the mouse genome. The repeats are 90%
homologous but are unusual in that the repeats seem to terminate at
random points with respect to each other. These sites of repetitive DNA
may play a role in the phenomenon of gene conversion (Edgell, et al.,

1983).
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There are four other loci with homology to the adult globin locus in
the mouse which are not expressed. A pseudogene, Fh3, is present and
appears to be a product of an illegitimate recombination between two
different ancestral genes (Hardies, et al., 1984).11 It is
characterized by an internal deletion which would lead to the hypothesis
that ph3 was formed from g and ph2 by a Lepore-type mechanism (Wilde,
1986). There are also numerous other mutations and deletions which
make this a non-functional locus. The Ah0 and ghl are assumed to be
normal functional embryonic genes. The locus fH2 appears to be a second
pseudogene and is accumulating nucleotide changes at a rate compatible
with that supposition although it does retain the structural features of
a protein (Edgell, 1983). It has only 72% homology with the B coding
loci but only two overtly deleterious mutations (Phillips, et al., 1984)
leading to the conclusion that it must have diverged as a functional

gene for some portion of its history (Wilde, 1986).

Examination of the 3' flanking DNA of the mouse loci lends credence
to the theory that f-globin is a primitive gene which has recently
undergone gene-conversion in the primate lineage (Edgell, 1983). The
PH3 3' sequences appear to be orthologous to the human §-globin gene.

Mouse BH2 pseudogenes are also §-orthologous (Wilde, 1986).

Although it appears that the common mammalian ancestor had a five

11 The mouse beta globin complex has a distinct heritage in this
regard as there are no pseudogenes within the mouse alpha globin cluster
(Leder, et al., 1980). There are mouse alpha globin pseudogenes but they
are processed pseudogenes which are located at remote sites within the
genome (Section 1.B.3.).
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member beta-globin linkage group; 5’ e—y-n—6-p 3', this type of
organization has not been conserved in the mouse (Wilde, 1986). Mouse
non-alpha globins have been derived from the four globin gene set;

5" e—y=6—-B 3'. The eta globin locus was lost at an early stage of

rodent evolution.

1.D.2.d4. Rabbit

There are four beta loci found in the rabbit (Hardison et al., 1979;
Lacy et al., 1979): two embryonic (B4, A3); and two adult (82, Bl). Of
these four loci, a single pseudogene (B2) is present and is
characterized by multiple mutational changes suggesting that it is of
ancient origin. Lacy and Maniatis (1980) have analyzed the sequence of
this locus and suggested that it probably evolved as a functional gene
for 22 MYr (million years) after the initial gene duplication event
prior to becoming a pseudogene some 33 million years ago. As mentioned
in section 1.B.4.a. it is important to examine noncoding DNA in making
such analyses. 1In the case of the rabbit ¥83 it appears that it was
actually converted 50-55 MYA and originated much earlier (85 MYA) thus

predating the mammalian radiation (Hardison and Margot, 1984).

As is the case among rodents, lagomorphs also appear to have
descended from a common ancestor who had a four globin gene linkage set:
5" e-y—6—p 3'. The eta globin locus which is known to have been present
in the common ancestor of all mammals appears to have been lost prior to

any lagomorph radiation (Wilde, 1986).



45

1.D.2.e. Goat

The goat globins tell an interesting tale in that not only have
tandem duplications of single gene loci occurred, but tandem
duplications of the entire g-globin cluster have occurred as many as
three times (Townes, Fitzgerald, et al., 1984; Townes, Shapiro, et al.,
1984). The basic organization of the cluster units is similar to that
of other beta-globin clusters as there are two embryonic and two adult

genes (Wilde, 1986).

Pseudogenes have been identified in two of the three clusters. The
two loci, ¥B* and ¥B%, are extremely homologous at the level of the
nucleotide sequence (90%) to the point of sharing several deleterious
mutational events, e.g. in-phase terminators and altered ATA promoter
boxes (Cleary et al., 1980; Cleary et al., 1981). This would indicate
that the progenitor of these sequences must have been a pseudogene prior
to gene duplication. As in the case of other beta-globin pseudogenes,
the age at divergence of these two loci appears to have been obscured by
a gene-conversion event (Hardies et al., 1984; Hardison and Margot,

1984; Wilde, 1986).

Unlike primate pseudogenes the goat ¥8* and ¥B% loci appear to be
orthologues of the primate minor adult globin § rather than the
primitive eta locus (Wilde, 1986). The eta orthologues in this group
II

are also unusual in that they appear to be functional, e.g. the goat e

gene (Goodman et al., 1984).
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1.D.2.£f. Cow

Goats and cows share a common ancestor as recent as 18-20 million
years ago. Cows (Bos taurus) are like humans in their developmental
expression of hemoglobins (embryonic —> fetal —> adult) whereas goats

(Capra hircus) have an additional preadult or juvenile form . The

entire bovine beta globin cluster has recently been characterized
(Schimenti and Duncan, 1985b). Cows have a duplicated four-gene set
composed of a fetal and an adult globin cluster. The beta cluster has a

single pseudogene while the fetal cluster has two.

Cows, like goats, provide exceptions to the rule of 5' to 3’
developmental expression of globin genes as y is located 3' to 8. The
fetal and adult globin loci occupy comparable positions in the goat and
cow. The cow vy and B genes are 90% homologous while they are even more
homologous to their orthologues in the goat. Nucleotide sequence

analysis of the bovine e genes has identified the following

1 2

relationships: bovine 63, 64, e~ and e“ genes are orthologous to goat

eI/eIII, eII/eIV, eV and V1 genes, respectively (Schimenti and Duncan,
1985b). The cow €2 and &% appear to have undergone a recent gene

duplication event (Schimenti and Duncan, 1985a).

The three bovine beta pseudogenes have also been analyzed. Multiple
defects in both regulatory and structural regions have been identified
which could have made these genes nonfunctional (Schimenti and Duncan,

1985b). These defects are common to both cows and goats thus it appears



that these loci must have already been pseudogenes in the common
ruminant ancester. The duplicate pseudogene in the fetal cluster arose

after the cow diverged.

1.D.2.g. Lemur

The B-globin cluster in lemurs is the smallest yet descibed among
p