larly after the decline of the elms (Ul-
mus) (25), would similarly account for
the more variable magnetic record.

Climatic Shifts

On a longer time scale, the magnetic
mineral types and concentrations reflect
the weathering, pedogenic, and denuda-
tional regimes prevailing through the ma-
jor climatic shifts of the Pleistocene.
Magnetic measurements can provide
rapid insight into the nature of these
shifts, their effect of weathering, soil de-
velopment, and erosion rates, and their
expression in the sedimentary record.
Preliminary studies confirm paleoclimat-
ic linkages in environments as diverse as
northwest England (26), tropical Africa,
and northern Queensland (27). The time
scales of variation differ by an order of
magnitude and the climatic regimes re-
flected span the range from arctic-alpine
to humid tropical.

Prospect

Laboratory magnetic analyses have
been shown to have many applications to
a wide range of disciplines associated
with environmental problems. The im-
portance of these magnetic techniques
will probably be further extended by the
development of sensitive instruments ca-
pable of measuring, in the field, both
magnetic remanence and magnetic sus-
ceptibility.
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Disorders of Human Hemoglobin

Arthur Bank, J. Gregory Mears, Francesco Ramirez

The human hemoglobin system is a
model for the study of the regulation of
specific eukaryotic genes (/). The com-
plete structure of the major normal hu-
man globins is known, and a variety of
mutant hemoglobins have led to extensive
genetic and structural analysis. A group
of anemias, the thalassemia syndromes,
provide a series of mutants in which the
biosynthesis of either « or 8 globin is de-
creased or absent. At least some of these
anemias appear to be due to defects in
the regulation of structurally normal glo-
bin genes. Restriction endonuclease
analysis of cellular DNA and the cloning
and sequencing of human globin genes
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have permitted detailed analysis of the
organization and structure of normal and
abnormal human globin genes. These
techniques have provided a linear phys-
ical map of nucleotide sequences show-
ing the organization of these genes. Dele-
tions of specific nucleotide sequences,
both within and surrounding the human
globin genes, occur in certain anemias,
and regions of DNA which may be im-
portant in regulating globin gene ex-
pression have been identified. Direct
analysis can now be made of the relation
between changes in gene structure to al-
terations in gene function; also prenatal
diagnosis of certain disorders of man is
now possible by analysis of deletions and
base substitutions in fetal DNA from
cells from amniotic fluid. In this article,
we review normal and abnormal human
hemoglobin synthesis, and focus on the
insights provided by recent studies on
the regulation of the human globin genes
at the molecular level.
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Normal Hemoglobin Biosynthesis

The major hemoglobin genes and their
protein products are shown in Fig. 1.
There is strong genetic and biochemical
evidence for linkage of four genes other
than the « genes: two 7y genes, one &
gene, and one 3 gene on chromosome 11
(2). The « genes are on chromosome 16,
and appear to be duplicated (3). Two
types of y globin genes are identified on
the basis of two structural y globins, ¢y
and “y, differing from each other by one
amino acid. %y globin contains a glycine
at position 136, whereas *y globin has an
alanine at that position. The most stable
hemoglobins are tetramers consisting of
two « globins and two other globins. The
two types of y globins combine with «
globins to form fetal hemoglobin (desig-
nated hemoglobin F, HbF, or a,y,), the
major hemoglobin of the fetus; hemoglo-
bin A (HbA, or a,8,) is the major normal
adult hemoglobin. Hemoglobin A,
(HbA,, or a,8,) is another adult hemoglo-
bin, but is produced at a low level
throughout adult life. Two embryonic
globin genes, the { and € genes, are also
identifiable in the fetus, and are part of
the embryonic hemoglobins Gower I
({,€5), Gower II (ay€5), and Portland
(&yy2) (1, 4). The chromosome location of
the { and € genes is unknown. The mo-
lecular events responsible for the switch-
es from embryonic to fetal hemoglobin
and from fetal to adult hemoglobin pro-
duction are also unknown.
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The molecular events in the biosyn-
thesis of human globin chains are similar
to those for other mammalian globins
(/). Human globin messenger RNA'’s
(mRNA) have been isolated, and trans-
lated in various cell-free systems, includ-
ing those derived from wheat germ and
ascites tumor cells. In these systems, in
which the only component of human ori-
gin is the mRNA, it is clear that the spec-
ificity for the synthesis of human globin
is determined by the presence of human
globin mRNA, and that translational fac-
tors, such as ribosomes, transfer RNA’s
(tRNA), and other putative regulatory
factors at the level of translation, exert
relatively minor effects. In other words,
the major events regulating the produc-
tion of human globin are the transcrip-
tion of the structural human globin genes

Genes:

. . Gy ——Ay——é§é—8 a—a
Fig. 1. The major human glo-
bin genes and hemoglobins. MRNA precursors
The four non-a genes are . ,
linked in the order shown: %y- Globin mR:A N
Ay-8-B. HbF is fetal hemoglo- * ribosomes
bin, HbA, is hemoglobin A,, Globins P
and HbA is normal adult he- +he me
moglobin. ) ay, ayé, a, B,
Hemoglobins:
(HbF) (HbAy) (HbA)

a single nucleotide change leading to a
single amino acid change; these dis-
orders are generally referred to as the he-
moglobinopathies and are best ex-
emplified by sickle cell anemia, in which
both B genes are of the mutant 85 type.
The second type is represented by quan-
titative changes in the amount of normal
a or B globin produced, which is best ex-

Summary. Studies of the human hemoglobin system have provided new insights
into the regulation of expression of a group of linked human genes, the y-3-8 globin
gene complex in man. In particular, the thalassemia syndromes and related disorders
of man are inherited anemias that provide mutations for the study of the regulation of
globin gene expression. New methods, including restriction enzyme analysis and
cloning of cellular DNA, have made it feasible to define more precisely the structure
and organization of the globin genes in cellular DNA. Deletions of specific globin gene
fragments have already been found in certain of these disorders and have been ap-

plied in prenatal diagnosis.

into nuclear RN A, and subsequent modi-
fication of this RNA by RNA processing.
In this latter event, the large nuclear
RNA is shortened by removal of nucle-
otides and then methylated at its 5’ end
and polyadenylated at its 3’ end to pro-
duce mature globin mRNA.

The structural globin gene sequences
in RNA and DNA are defined as those
required for encoding the amino acid se-
quence of globin. During the past 2
years, other sequences of DNA within
the structural globin genes, but not en-
coded in the mature globin mRNA, have
been found in mouse, rabbit, and human
globin genes (5-8). These so-called inter-
vening sequences of DNA (or introns)
are encoded into nuclear RNA in the
mouse, and are presumed to be excised
subsequently in the formation of mature
globin mRNA (5). The process of ex-
cision of intervening sequences, and re-
ligation of the remaining structural gene
sequences to form mature mRNA is
called splicing.

The 3 Thalassemias

Two major types of inherited disorders
of hemoglobin exist in man. The first
type is represented by qualitative
changes in globin, usually resulting from
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emplified by a group of disorders known
as the thalassemia syndromes. In these
diseases, the globins produced have a
normal amino acid sequence, but they
are reduced in amount. The « and B thal-
assemias are defined by decreased or ab-
sent « or B globin, respectively.

The globin genes are inherited as
simple Mendelian traits. For example,
heterozygotes for sickle cell trait have
one B% gene and one B gene, while
sickle cell homozygotes have two %
genes. Genetic evidence for linkage of
the B thalassemia genes to the 8 globin
structural genes is derived from family
studies of individuals who are doubly
heterozygous for a B thalassemia gene
and a % gene; only one or another of
these alleles is inherited by a single off-
spring. The heterozygous state of 3 thal-
assemia is asymptomatic; the normal 8
allele compensates for the relative defi-
ciency of B globin biosynthesis due to a
B thalassemia gene on the other chro-
mosome. By contrast, in homozygous 3
thalassemia, there is severe anemia, due
to both decreased or absent production
of B globin, and a secondary hemolytic
process caused by the continued produc-
tion of « globin chains; these chains are
unstable, and precipitate within cells,
causing their premature destruction and
anemia (/). Homozygous B thalassemia,

also known as Cooley’s anemia, is usual-
ly fatal in early adult life because af-
fected patients require multiple blood
transfusions. Despite the benefit of these
transfusions and the accompanying ad-
ministration of iron chelating agents, pa-
tients usually succumb to the effects of
iron toxicity on the heart.

Two general types of 8 thalassemia,
B* and B° thalassemia, have been charac-
terized. In B* thalassemia, there is low-
level production of normal 3 globin from
a decreased amount of 3 mRNA (9),
even in homozygotes. This indicates that
at least one of the B genes is intact in
these individuals, and that the defect is
due to either defective regulation of tran-
scription of B globin genes or abnormal
processing. Varying amounts of 8 globin
biosynthesis in different populations of
patients with B* thalassemia suggest a
heterogeneity of molecular defects re-
sponsible for these disorders.

Another relatively common variant of
B thalassemia is B° thalassemia in which
the production of B globin chains in the
homozygote is completely absent. Clini-
cally, homozygous B° thalassemia is as
severe as ' thalassemia. Hybridization
studies have shown that some B° patients
have no B globin mRNA, suggesting
again that the defect is at the level of de-
fective transcription or abnormal pro-
cessing or, alternatively, that there may
be deletions or base changes in the 3 glo-
bin structural gene (/0-13). Another
group of B° thalassemia patients has cy-
toplasmic B globin mRNA sequences in
nearly normal amounts, while others
have reduced amounts (//-13). At least
some of these patients have untranslat-
able B globin mRNA; in one case, a spe-
cific nonsense mutation in the 8 globin
mRNA has been demonstrated (/3). In a
third group of patients with B° thalas-
semia, originating in the Ferrara region
of Italy, there is conflicting data as to the
defect in B globin mRNA. We have
found that B8 globin mRNA may be in-
complete or absent, while others have
reported inducible 8 globin mRNA (/1,
12).

The B* and B° thalassemias are to be
contrasted with two other related, much
rarer disorders: 88 thalassemia and the
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hereditary persistence of fetal hemoglo-
bin (HPFH). In these diseases, synthesis
of both & and B globin does not occur at
all, and the only hemoglobin synthesized
is HbF. In contrast to 8" and B° thalas-
semias, the anemia in 88 thalassemia is
quite mild, and in HPFH is absent.

Fetal Hemoglobin Production

in the Thalassemias

The differences in clinical severity be-
tween B8 and B° thalassemia on the one
hand, and 88 thalassemia and HPFH on
the other, are due to differences in the
level of compensation by HbF (Table 1).
In homozygotes for B* and B° thalas-
semia, although the level of HbF produc-
tion is greater than normal, it is in-
sufficient to compensate for the de-
creased or absent synthesis of HbA. By
contrast, in 88 thalassemia and HPFH,
HbF production is increased; in 3 thal-
assemia compensation is incomplete and
a mild anemia is present, whereas in
HPFH complete compensation by vy glo-
bin usually results in the absence of
anemia. These findings indicate dif-
ferences in the regulation of the vy globin
genes in these different conditions, and
suggest that, if patients with 8t and B°
thalassemia could be made to increase
their HbF production as occurs in
HPFH, the anemia might be ameliorat-
ed.

The absence of HbA, in 88 thalas-
semia and in HPFH first suggested that
deletion of nucleotide sequences in the
region of the & globin genes might be re-
sponsible for the relative suppression of
v globin synthesis in 8+ and B° thalas-
semia (/4). Only recently has it been pos-
sible to test this hypothesis directly at
the molecular level and to ascertain that
there are indeed specific deletions of nu-
cleotides in the & and B globin gene com-
plex in these disorders 6, 7, 15, 16);
greater deletion occurs in HPFH than in
88 thalassemia, which is consistent with
the model that sequences in the & gene
region regulate the relative expression of
v globin genes in these disorders (6, 7,
12, 16). The absence of similar deletions
in 8% and B° thalassemia further support
this hypothesis.

Measuring Globin Genes

The first experiments to support the
theory that different extents of deletions
in the 883 globin gene complex are re-
sponsible for different levels of expres-
sion of y globin genes used liquid hybrid-
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Fig. 2. The linear arrangement of the human
6 and B globin structural genes and their
flanking and intervening sequences. The 5’
end is at the left. The rectangles represent
the globin genes, hatched areas within the
genes are the intervening sequences. The
single solid horizontal line is the nucleotide
sequences between and flanking these genes.
The E’s and X’s with vertical arrows show
the sites of cleavage by the enzymes Eco RI
and Xba I, respectively. The bracketed areas
indicate the DNA fragments generated by
Eco RI cleavage; the numbers within the
brackets are the number of nucleotides within
each fragment in kilobases.

ization (/2). In these experiments, spe-
cific radioactive probes were prepared to
detect and quantify globin genes; these
so-called globin complementary DNA
(cDNA) probes were synthesized with
purified globin mRNA’s as templates. In
the presence of the enzyme reverse tran-
scriptase and highly radioactively la-
beled deoxynucleotides, highly specific
and sensitive «, B, and y cDNA probes
were obtained, which hybridize (or an-
neal) specifically with their complement
of globin gene sequences in cellular
DNA. Under the experimental condi-
tions, the globin cDNA’s will not hybrid-
ize with nonglobin RNA or DNA se-
quences, and the «, B, and vy globin
c¢DNA'’s will only hybridize with homol-
ogous nucleotide sequences; for ex-
ample, « cDNA will not hybridize with 8
or vy genes, nor will 8 cDNA hybridize
with a or vy genes. However, 8 globin
c¢cDNA will hybridize to & globin nucle-
otide sequences because of the close
similarity of 8 and B globin structural nu-
cleotide sequences. Only 10 of 146 amino
acids differ in the 6 and B globin chains.
Purification of specific globin cDNA’s by
cloning in bacterial plasmids has pro-
vided more specific probes (/7). This
cloned DNA can then be radioactively
labeled by the process of nick translation
U8).

In liquid hybridization experiments,
cellular DNA obtained from either
spleens or white blood cells of patients
with 88 thalassemia and HPFH was
shown to have deletions of B-like gene
sequences when compared to that of nor-
mal patients and those with 8" and B°
thalassemia (/2, 15). Less B cDNA was
hybridized to HPFH DNA than to 68
thalassemia DNA, indicating that the de-
letion of B-like genes in HPFH was

greater than that in 83 thalassemia (/2).
These results were consistent with dele-
tion of sequences in both of these dis-
orders with the association of a greater
deletion with a more significant amount
of y globin synthesis in HPFH.

Globin Gene Mapping

In order to more precisely define the
molecular defects in the thalassemias
and HPFH, it was necessary to analyze
the structure and organization of the y-6-
B gene complex in greater detail and to
determine the nature and extent of the
deletions and other changes in nucle-
otide sequences in these disorders. Re-
striction endonuclease analysis provided
the basic technological advance that
made this possible (/9, 20). High-molec-
ular-weight cellular DN A was first isolat-
ed from either splenic tissue, white blood
cells, or lymphoblast cell lines, and then
cleaved by restriction endonuclease at
defined nucleotide sequences. For ex-
ample, the enzyme most frequently used
in our studies, Eco RI, only cleaves
double-stranded DNA sequences at the
hexanucleotide sequences 5’ GAATTC
3’ (G, guanine; A, adenine; T, thymine;
C, cytosine). Human DNA contains ap-
proximately 3 X 10° nucleotide pairs.
Experimentally, the restriction endonu-
clease Eco RI cleaves human DNA ap-
proximately once every 3000 to 5000 nu-
cleotides, and thus generates approxi-
mately 10° fragments of DNA. The great
advantage of using these restriction en-
zymes is that they cleave each molecule
of DNA at precisely the same position,
and identical classes of fragments are ob-
tained from each DN A molecule of cellu-
lar DNA.

The fragments of cellular DNA result-
ing from restriction cleavage are sepa-
rated on the basis of size by agarose gel
electrophoresis. The fragments are then
transferred in place from the agarose gel
to a nitrocellulose filter by a process
called blotting, first devised by South-
ern, and modified by others (20). In this
procedure, the gel is overlaid with a ni-
trocellulose filter, and DNA fragments
are transferred by blotting induced by
dry filter papers on top of the nitro-
cellulose filter. After transfer, the DNA
fragments on the filter are denatured by
alkali and hybridized to highly radio-
actively labeled [**P]globin cDNA under
conditions in which only homologous se-
quences hybridize. The filter is then
washed extensively and subjected to ra-
dioautography to identify the specific
fragments of cellular DNA that have hy-
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bridized to the 2P probes. The size and
number of these fragments define the cel-
lular DNA fragments containing globin
structural gene sequences.

Organization of Normal & and 3 Genes

With the use of this technique, the or-
ganization of the normal 8 and 8 globin
gene complex in human cellular DNA
was determined (6-8). We knew that 8
cDNA would hybridize to both é and 8
globin structural gene sequences, and
that B globin cDNA contained an Eco RI
site within the B globin structural se-
quence (2/) (Fig. 2). We assumed that
this Eco RI site also existed in the 8 glo-
bin gene DNA, since the amino acid se-
quence in this region is the same in 8 and
8 globin. On the basis of these assump-
tions, we could predict that either three
or four Eco RI fragments hybridizing to
B cDNA would be present, depending on
whether there was an Eco RI site be-
tween the 8 and B genes (Fig. 2). The size
of these fragments would be determined
by the Eco RI sites flanking the 5’ end of
the & gene and the 3’ end of the B gene.
(The 5’ end of the gene is defined as that
end of the gene at which transcription of
the globin mRNA begins.) In fact, we
found four B-like fragments, which hy-
bridized intensely with 8 globin cDNA
6, 7) (Fig. 3).

In order to arrange these four B-like
fragments, with respect to each other,
we used DNA from a patient homo-
zygous for hemoglobin Lepore. Lepore
globin is a fusion gene product, é-like at
its 5' or NH,-terminal end, and B-like at
its 3’ or COOH-terminal end (22). We
presumed that the B-like fragments pres-
ent in both Lepore and normal DNA
would define the 5’ & and the 3’ B8 gene
fragments; the two fragments absent in
Lepore DNA and present in normal
DNA would represent the 3’ end of the 8
gene and the 5’ end of the B8 gene, and
their flanking sequences (Fig. 2). As
shown in Fig. 3, two fragments, 3.0 and
4.5 kilobase pairs (kb) in size, are found
in both normal and Lepore DNA, and
two other fragments, 6.6 and 2.3 kb in
size, are found only in normal DNA (23).
A short cDNA probe that only represent-
ed the structural sequence at the 3’ end
of the 8 gene was used to show that the
4.5-kb fragment contained the 3’ end of
the Lepore gene, and, therefore, the 3’
end of the B globin gene. Similarly, the
3.0-kb fragment represents the 5’ end of
the Lepore gene, and, thus, the 5’ end of
the & gene. The 6.6-kb fragment in nor-
mal DNA was shown to contain the 5’
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Table 1. Hemoglobin defects in thalassemia.

State Anemia HbA HbA, HbF
Normal None Normal Normal Normal
B* Thalassemia Severe Decreased Normal Increased*
B° Thalassemia Severe Absent Normal Increased*
8B Thalassemia Mild Absent Absent Increasedt
HPFH None Absent Absent Increased#

*Slightly increased over normal.
completely compensatory.

end of the B structural genes (Fig. 2). In
other studies, DNA from a patient with a
mutant hemoglobin, hemoglobin O
Arabia (a 8 mutant) was used to distin-
guish the & and B gene fragments (8). In
this DNA, a nucleotide change occurs at
amino acid codon position 120-121,
which destroys the normal Eco RI site in
the B gene and gives rise to a single frag-
ment 10 kb in size derived from the 6.6-
and 4.5-kb fragments..

The physical nucleotide map resulting
from these studies showed that the mini-
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Fig. 3 (left). Autoradiographs of fragments of
normal and Lepore DNA'’s hybridized to 32P-
labeled g globin cDNA. Cellular DNA’s were
digested with Eco RI and the fragments were
separated by agarose gel electrophoresis,
transferred to nitrocellulose filters, and hy-
bridized to 2P globin cDNA and radioauto-
graphed. (Lane 1) Normal DNA generates four
fragments containing pB-like genes, shown
by arrows. (Lane 2) Homozygous Lepore
DNA generates only two of the four DNA
fragments corresponding to the 5’ § and 3’ 8
fragments (3.0 and 4.5 kb in size) shown in
Fig. 2. Fig. 4 (right). Autoradiographs of
normal, 83 thalassemia, and HPFH DNA'’s
hydridized to 3?P-labeled B globin cDNA.
Cellular DNA'’s are digested with Eco RI and
fragments are processed as indicated in the
legend to Fig. 3. (Lane 1) Normal DNA, only
three of the four B-like fragments are seen and
are indicated by arrows. The fourth and small-
est Eco RI fragment is not seen with this
probe. (Lane 2) Homozygous 88 thalassemia
DNA; no normal B-like fragments are seen;
only a single new B-like fragment shown by
the arrow. (Lanes 3 and 4) DNA’s from two
different patients homozygous for HPFH. No
B-like fragments are seen.

tModerately increased over normal.

$Markedly increased, that is,

mum distance between the & and 3 struc-
tual genes in man is approximately 7 kb.
The finding of a single Xba I fragment of
approximately 13 kb in size, containing

‘both the 8 and B structural genes, proved

that these two genes are indeed linked
and present on a single piece of DNA (8)
(Fig. 2). Digestion of DNA with other en-
zymes alone and in combination led to a
more detailed restriction enzyme map of
the globin genes. '

Intervening sequences of approxi-
mately 1000 base pairs (1 kb in size) were
also defined within the 8, 8, and Lepore
genes by restriction endonuclease analy-
sis (6-8). While it was known that B glo-
bin cDNA had a single Bam HI restric-
tion site 60 nucleotides 5’ to the Eco RI
site in 8 cDNA, our experiments showed
that there was at least 1 kb of DNA be-
tween these sites in the cellular 8 and B
globin genes at a location that is identical
to that found in the rabbit and mouse 8
genes.

The organization of the & and B8 struc-
tural genes has been confirmed and ex-
tended by analysis of these genes after
their isolation by cloning of cellular
DNA in A phage (24, 25). The location of
the large intervening sequences between
the Bam HI and Eco RI sites has been
more precisely defined, and the size of
these sequences was determined as 900
and 950 nucleotides in the 8 and 8 genes,
respectively. It has also been shown that
there is relatively little sequence homol-
ogy between these large & and B inter-
vening sequences. An additional smaller
intervening sequence between codons 30
and 31, in both the & and B genes, has
also been discovered in the cloned & and
B genes (24).

Deletions in 683 Thalassemia and HPFH

The structure and organization of the &
and B genes was also examined in cell
line DNA of patients homozygous for 68
thalassemia and HPFH 6, 7, 16, 26). In
both cases, we found deletion of all of
the normal & and B globin gene-contain-
ing fragments (Fig. 4) (27). However, in
5B thalassemia DNA, a new DNA frag-
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ment, approximately 4.2 kb in size, is
found which hybridizes to 8 cDNA,
consistent with less deletion of B-like
genes in 88 thalassemia than HPFH (Fig.
4). This fragment has been shown, with
the use of Bam HI, to contain the 5’ end
of the & globin structural gene, and the
adjacent 5’ § flanking sequences (/6, 28)
(Fig. 5). A 15.0-kb Bam HI fragment in
normal DNA hybridizes to both 8 cDNA
and y cDNA, and contains the 5’ end of
the 8 gene, and the 3’ end of the y gene
(Fig. 5). In homozygous 83 thalassemia
DNA,; this 15.0-kb fragment persists,
whereas other Bam HI fragments, which
contain the 5’ and 3’ ends of the B8 globin
structural gene, are missing (28). Since
83 thalassemia DN A contains a single 5’
ended B-like sequence; and the 5’ end of
the B gene is absent in this DNA, the
15.0-kb fragment must represent the 5’
end of the & gene and its flanking se-
quence.

In studies with other restriction en-
zymes, and a probe representing the re-
gion between the & and vy globin genes,
the extent of deletions in 83 thalassemia
and HPFH DNA has been further de-
fined (/6). The deletions in two different
patients with HPFH appear to be similar,
and extend approximately 3 kb 5’ to the
5" end of the & structural gene. These re-
sults indicate that the 5’ end of the & gene
and its adjacent sequences are preserved
in 88 thalassemia and are absent in
HPFH, further supporting the hypothe-
sis that sequences in the region 5’ to the
8 gene, or in the & structural gene itself,
are involved in the regulation of ex-
pression of the vy globin genes. Alterna-
tively, it is possible that deletion of DNA
sequences 3’ to the B gene also occurs in
83 thalassemia and may be important in
v gene expression (29).

One reported case appears to argue
against a role for y regulation by se-
quences 5’ to the & globin genes (/6, 30).
Restriction endonuclease analysis of the
DNA from this individual shows deletion
of all 8 and B globin gene sequences, as
well as of *y sequences on both chromo-
somes. This patient has the phenotype of
58 thalassemia with anemia, despite de-
letion of the sequences 5’ to the & globin
genes as in HPFH. An alternative ex-
planation for the decreased y globin syn-
thesis in this case is that y globin gene
expression also depends on the number
of v globin genes present; when two of
the four vy globin genes are deleted, as in
this case, maximal y globin gene ex-
pression cannot occur, and the pheno-
type is that of “y 88 thalassemia. It is of
interest in this regard that all homo-
zygotes for HPFH described so far have
had both “y and *y synthesis, indicating
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Fig. 5. Arrangement of Bam HI restriction
fragments on a physical linear map. The dia-
grams are similar to those described in the
legend to Fig. 1. The Bam HI restriction
sites are indicated by B, the vertical arrows;
the numbers in brackets below the linear map
indicate the sizes of the Bam HI fragments.
The normal Bam HI fragments include a
15.0-kb fragment linking the *y and & globin
genes and two smaller fragments, 5.0 and 2.5
kb in size, derived from the & and 8 genes.
Homozygous 88 thalassemia DNA has the
15.0-kb Bam HI fragment, but lacks the 5.0-
and 2.5-kb fragments (16, 27, 28). Homo-
zygous HPFH DNA lacks all 8 and B gene
fragments.

the presence of a full complement of vy
globin genes. Analysis of DNA from
cells obtained from amniocentesis has
been used to confirm the absence of
homozygosity for 83 thalassemia in one
case 3/).

The possibility that the differences iny
globin gene expression in the B3 thalas-
semias and HPFH are related to dif-
ferences in vy globin gene content or or-
ganization has also been investigated by
restriction enzyme analysis. No changes
have been found in either the number or
organization of y globin genes in several
individuals with 8* and B° thalassemia,
HPFH, 83 thalassemia, and hemoglobin
Lepore (26, 32). The vy globin genes have
also been organized on a linear map with
the use of both restriction endonuclease
analysis of cellular DNA and cloning of
specific globin genes (26, 32). These
studies show that the two vy genes are
linked to each other and separated by ap-
proximately 3.5 kb of nucleotide se-
quence, and that there is no rearrange-
ment of y genes in fetal and adult tissues.
Each of these genes contains two inter-
vening sequences, a smaller one between
codons 30 and 31, and a larger one at the
same site as in the 8 and B genes between
codons 104 and 105. There is strong ho-
mology of nucleotide sequences in the
intervening sequences of the %y and *y
genes. The physical linkage of the two y
genes indicates that these genes are on
the same side of the 88 complex (Fig. 5).

The mechanism by which the & globin
gene region or its 5’ flanking sequences
can regulate biosynthesis of y globin is
unclear. The possibility exists that, de-
spite evidence for cis regulation of y glo-

bin gene expression, RNA transcribed at
or near the & gene locus may play a regu-
latory role. Despite the lack of signifi-
cant § globin production under any cir-
cumstances in man, the & globin structur-
al sequences are homologous to the S
structural gene sequences. This homolo-
gy persists even though there is pro-
nounced divergence of the intervening
sequences of the & and B globin genes.
This suggests that perhaps the 8 structur-
al gene sequences have a role at the poly-
nucleotide rather than at the polypeptide
level. It is possible, for example, that the
8 globin mRNA precursors in the nucle-
us, or transcripts containing these pre-
cursors, may affect either y globin gene
transcription or the processing of prod-
ucts including y globin mRNA pre-
cursors. Double-stranded RNA mole-
cules adjacent to structural - gene se-
quences and representing repetitive se-
quence regions have been discussed as
potential sites of regulation (33). In addi-
tion, it has been shown that a small DNA
fragment of approximately 300 nucle-
otides is highly reiterated in the human
genome and has sites of homology inthe
regions flanking the 5’ end of the 8 globin
structural gene and 3’ end of the 3 globin
structural gene as well as in the flanking
region 5’ to the Uy gene and 3 to the *y
gene (34). The unique position of these
reiterated sequences suggests that they
could delimit the origins of RNA tran-
scription of the y and 88 gene com-
plexes. These sequences are transcribed
into nuclear RNA and synthesized in an
RNA polymerase I1I-dependent cell-free
in vitro system (35). These transcripts
preferentially represent the regions 1.5
kb from the 5’ ends of the ®y and & genes.
The finding that the repetitive sequence
5’ to the & gene is deleted in HPFH and
not in 88 thalassemia further suggests
that this region is involved in the regula-
tion of the y-8-8 gene complex (34).

The intervening sequences also repre-
sent potential sites of regulation at the
level of transcription or RNA process-
ing. Transcription initiations in genes
coding for 5§ RNA may require specific
sequences within the structural genes for
their maximal activity (36). Of particular
interest is the small intervening se-
quence in the human globin genes,
whose location between codons 30 and
31 in the human 8, 8, and 7y genes is iden-
tical to similar intervening sequences in
the mouse globin genes. The binding of
specific proteins to this region might, for
example, be the trigger for initiation of
globin mRNA biosynthesis 5 to this re-
gion by permitting the subsequent addi-
tion of other proteins including RNA
polymerase.
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B* and B° Thalassemia

Detection of the specific nucleotide
changes in 8% and B° thalassemia DNA
would have considerable import in clini-
cal practice, since these disorders repre-
sent a major health problem in certain
endemic areas, such as Greece, Italy,
and Iran. At present, the prenatal diag-
nosis of B* and B° thalassemia requires
the use of fetal blood sampling, which is
both dangerous to the fetus, in that the
mortality rate is 5 to 10 percent, and of
limited acceptability to the populations
involved. The ability to detect homo-
zygosity for Bt and B° thalassemia in
DNA from amniocentesis fluid would
permit the precise diagnosis of these dis-
orders with little or no risk. To date, ex-
tensive restriction endonuclease analysis
of DNA of B* and B° thalassemia pa-
tients has shown no extensive nucleo-
tide deletions in the & and B gene se-
quences in the majority of patients stud-
ied (7, 28, 37). However, in two patients
from India, with 8° thalassemia, a 0.8-kb
deletion of the 3’ end of the B gene has
been found (37, 38). It is of interest that
in these cases only one of the two B°
thalassemia genes has the deletion de-
fect; the other gene appears to be largely
structurally intact; thus, even in these
populations, there is heterogeneity of the
genetic defect in these syndromes.

From these data, it appears that the
DNA defect in most patients with 8* and
B° thalassemias is small, and may in-
volve only a single nucleotide base
change. In one case of B° thalassemia, a
single nucleotide change in codon 17,
causing an amber mutation, has been
demonstrated (/3). Recent data suggest
that at least some B* thalassemias are
due to DNA defects in the intervening
sequences leading to abnormal RNA
processing (39). Further analysis of RNA
synthesis in these patients and the ability
to clone and sequence the B globin genes
in 8% and B° thalassemia DNA should
further define the gene defect in these
disorders (25). The rapid improvement in
this so-called shotgun cloning, with the
use of unfractionated human DNA and A
phage as the vector, permits analyses of
this type. Clones are already available
from patients with 8* thalassemia, which
contain the entire 8 and 3 globin gene com-
plex and the sequences flanking these
genes (40) while other clones contain
parts of these genes (4/). The nucleotide
sequence of these clones can be com-
pared directly to those in clones of 8 and
B genes from nonthalassemia patients.
It may be necessary to compare several
different clones of B* and B° thalassemia
DNA with those from different normal
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Fig. 6. Summary of defects in the 8 thalas-
semias and related disorders. The normal
genes are shown at the top and as in Figs.
1 and 5. The deletions in 88 thalassemia and
HPFH are shown. The postulated defects in
B* and B° thalassemia DNA are indicated by
crosses.

DNA'’s to distinguish nucleotide changes
that are important for 3 globin gene func-
tion, from other polymorphisms in hu-
man DNA that do not influence globin
gene function.

The heterogeneity of patients with 8*
and B° thalassemia, both clinically and
biochemically, suggests that many dif-
ferent defects may be found at the molec-
ular level. Thus, these disorders provide
examples of several mutations in DNA,
which can result in a common functional
abnormality in the biosynthesis of a
specific protein (Fig. 6). In this sense, the
B thalassemias represent a model of a
group of diseases that may reveal the nu-
cleotide sequences involved in the regu-
lation of a specific protein.

The a Thalassemias

The « thalassemias are characterized
by a decrease in or absence of « globin
biosynthesis. Since in most populations
there appear to be two « globin genes per
chromosome, there are four putative
states of « thalassemia characterized by
the loss of one to four « globin gene loci
42, 43). Studies with a globin cDNA in-
dicate that the majority of the « thalas-
semias are due to deletions of « gene
loci. When one « globin gene is deleted,
the so-called silent carrier state for « thal-
assemia exists manifested only by de-
creased a globin biosynthesis. When two
of four « genes are deleted, the « thalas-
semia trait is present, associated with
morphologic abnormalities of the red
cells, but no significant anemia. Deletion
of three of four « genes results in hemo-
globin H disease; hemoglobin H is a tet-
ramer composed of B8 chains, which ac-
cumulates because of the lack of ade-
quate amounts of a globin. Hemoglobin
H is an unstable hemoglobin which pre-
cipitates in cells and causes a mild hemo-
lytic anemia. The loss of all four « globin

genes is associated with death of the fe-
tus in utero in a disease called hydrops
fetalis-« thalassemia, a syndrome char-
acterized by congestive heart failure in
the fetus due to severe anemia.

Restriction endonuclease mapping has
confirmed the loss of « globin loci associ-
ated with the various forms of the « thal-
assemia syndromes (¢4). It appears that
in Oriental populations both « globin
genes are commonly deleted from a
single chromosome; thus, the presence
of hydrops fetalis is explained; in con-
trast, it is unusual for two « globin genes
to be lost from a single chromosome in
Mediterranean or black populations, and
the incidence of hydrops fetalis in these
populations is negligible. It is common,
however, for one a globin gene to be de-
leted on each of two chromosomes in
black individuals, making the incidence
of silent carrier trait and « thalassemia
trait significant in this group.

The prenatal diagnosis of o thalas-
semia can be made by analysis of DNA
from amniocentesis fluid cells “3). Its
major clinical usefulness is that it per-
mits a mother, with a fetus with hydrops
fetalis, to choose whether to carry the fe-
tus through the full 9 months of preg-
nancy. The definition of other forms of «
thalassemia prenatally is unnecessary,
since all of the other states are compat-
ible with normal life.

Molecular Genetic Polymorphisms

While most studies of DNA in dis-
orders of globin biosynthesis have fo-
cused on determining the defect in nucle-
otide sequence of the DNA within or sur-
rounding the globin genes, it has been
shown that changes in DNA at a distance
from the structural genes can be used to
detect the presence of these genes. Kan
and Dozy (45) discovered a strong asso-
ciation of the sickle cell (8°) gene with a
polymorphism in the Hpa I restriction
enzyme site surrounding the 8° gene. In
normal DNA, from all Caucasian pa-
tients studied, and from a majority of
black patients with no sickle cell genes,
a 7.6-kb restriction fragment is generated
by Hpa I; this fragment contains the en-
tire 3 globin gene.

By contrast, it was originally reported

. that the 8° gene is associated with a 13.0-

kb 3 globin fragment about 87 percent of
the time. This is due to either a change in
the Hpa I site 3’ to the 8 structural gene,
or to an insertion of sequences in this re-
gion. The association of the 13.0-kb
Hpal fragment with the B8° gene has
been used for the prenatal diagnosis of
sickle cell anemia by analyzing DNA
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from amniocentesis fluid, and demon-
strating the presence of only the 13.0-kb
fragment (45). Studies in our laboratory
have largely confirmed these observa-
tions except that the incidence of the as-
sociation of the 8° gene with the 13.0-kb
fragment has been found to be closer to
60 percent (46).

It has also been found that the associa-
tion of the 13.0-kb fragment is by no
means specific for the 8° gene (46, 47). In
individuals with hemoglobin C (@8%),
the association of the 8¢ gene with 13.0-
kb fragment is approximately the same
as with the 8° gene, 50 to 60 percent. In-
dividuals with only 8* genes have also
been identified with the 13.0-kb frag-
ment, with a frequency of between 5 and
10 percent. Taken together, these data
indicate that the 13.0-kb fragment is not
specifically linked to the 8° gene, but is
more likely the result of a polymorphism
in a subpopulation of blacks who sub-
sequently developed the 8° and 8° genes
by mutation. Whether other nucleotide
changes exist in the region surrounding
the HpaI site in sickle cell anemia,
which might be additionally useful for di-
agnosis of this disorder, remains to be
determined. An association between a
specific Bam HI fragment and the 8° thal-
assemia gene has been used in the Sar-
dinian population for prenatal diagnosis
48). The study of genetic polymor-
phisms may also be useful in the diagno-
sis of other inherited disorders if specific
linkages between the genes being
screened and the polymorphisms detect-
ed can be established.

Future Approaches

The specific methodology used in the
analysis of the human globin gene sys-
tem can be applied to other genes in man
as well. The primary requirement for this
type of analysis is a probe for recogniz-
ing specific gene sequences. With the
availability of clones containing com-
plete structural genes and their flanking
sequences, it should be possible to begin
to reconstruct systems capable of gene
transcription. In these systems, purified
genes can be used to bind and isolate
specific nuclear proteins. The recent de-
scription of in vivo systems for gene
transfer and gene transcription makes
the availability of cloned fragments of
DNA of even greater interest (49). At
long range, it may be possible to use iso-
lated human globin genes to transform
human bone marrow cells, and these
genes may integrate and express newly
acquired normal globin gene function.
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This would be the ideal therapy for pa-
tients with sickle cell anemia and homo-
zygous (3 thalassemia.

Conclusions

Restriction endonuclease analysis and
gene cloning have made it possible to de-
termine the physical map of the human
globin genes. The linkage of the v, 8, and
B globin genes, the distance between
these genes, and the presence of inter-
vening sequences within each have been
established. In certain disorders, such as
88 thalassemia and HPFH, the extent of
deletion of & and B globin gene fragments
has been mapped and shown to be direct-
ly related to the relative expression of y
globin genes. From these studies, it ap-
pears that a specific region in the 5’ end
of the & structural gene or its flanking 5’
sequences (or both) may be important in
the regulation of expression of y globin
genes.

By contrast, in the 8* and 8° thalas-
semias, no deletion of the y-8-8 globin
gene complex has yet been found, and
the relative amount of 7y globin gene
compensation is low, resulting in severe
anemia. These diseases are most likely
due to either decreased transcription of 8
globin mRNA or abnormal processing of
B globin mRNA precursors. It is now
possible, by means of recombinant DNA
cloning technology, to obtain clones of
B* and B° thalassemia genes for restric-
tion endonuclease analysis, and nucle-
otide sequencing.

In the « thalassemias, deletions of o
globin genes have been demonstrated
both by liquid hybridization studies and
by restriction endonuclease analysis of
DNA. The prenatal diagnosis of « thalas-
semia can be made by analysis of am-
niocentesis fluid DNA. In sickle cell
anemia, a distinctive polymorphism in an
Hpa I cleavage site has been used to de-
fine the presence of the B° gene in 60 to
80 percent of patients with this gene. In
families in which this polymorphism is
present, it is possible to make the pre-
natal diagnosis of 8 sickle cell anemia by
amniocentesis.
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R & D Employment in the U.S.S.R.

Louvan E. Nolting and Murray Feshbach

In the face of labor shortages, growing
inaccessibility of raw materials, rising
capital needs and defense expenditures,
and increasing economic complexity, the
Soviet Union is relying heavily on scien-
tific and technical progress to sustain its
economic growth. Employment in re-
search and development (R & D) is a
prime indicator of a nation’s reliance on
science and innovation. This article ex-
amines the number and distribution of
- persons engaged in R&D in the
U.S.S.R. and makes quantitative com-
parisons between Soviet and U.S.
R & D employment.

The two main Soviet statistical series
which relate to R & D personnel are the
series on employment in the science and
science services branch of the economy
and the series on scientific workers. The
first series covers the branch definition
of employment in specialized scientific
organizations engaged in R & D and sci-
ence services. The second covers the
functional definition by including all per-
sons with advanced scientific degrees
and titles, teachers in higher educational
institutions, research managers, and
highly educated scientists and engineers
whose primary activity is research or

general R & D under science plans ap-
" proved by higher authority. Employment
according to the branch definition is
more than three times greater than that
according to the functional definition.
The first series serves in this article as
the basis: for estimating the number of
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personnel engaged in conducting and
supporting various kinds of R & D; the
second series is used to calculate person-
nel directly conducting R & D. Neither
series is wholly comparable with West-
ern data on R & D personnel, because
they include some non-R & D employ-
ment and exclude some participants in
R & D (Table 1).

Employment in Organizations

Conducting and SupportingR & D

The science and science services
branch of the Soviet national economy
embraces most of what are called scien-
tific organizations (specialized organiza-
tions not incorporated into other enter-
prises or social institutions), which con-
duct or provide services for scientific re-
search, development, and innovation,
presumably in both the civilian and mili-
tary sectors of the economy.

Scientific organizations are divided in-
to two categories: (i) scientific institu-
tions and (ii) a wide variety of organiza-
tions that do not carry out scientific re-
search but are involved in development
(in Soviet terminology, test-design
work), in production and testing of pro-
totypes and development of new pro-
cesses, and in the provision of data and
services required by scientific institu-
tions. The first category includes only
those institutions that (i) systematically
conduct scientific research work in a sci-

45. Y. W. Kan and A. M. Dozy, Proc. Natl. Acad.
Sci. éj.S‘A. 75, 5631 (1978); Lancet 1978-11, 910
(1978).

46. J. Feldenzer, J. G. Mears, A. L. Burns, C. Nat-
ta, A. Bank, J. Clin. Invest. 64, 751 (1979).

47. J. C. Chang, G. F. Temple, R. F. Trecartin, Y.
W. Kan, Clin. Res. 27, 457 (Abstr.) (1979).

48. Y. W. Kan, K. V. Lee, M. Furbetta, A. Angius,.
A. Tao, Blood 54, 55a (1979).

49. M. Wigler et al., Cell 16, 777 (1979); M. Wigler
et al., Proc. Natl. Acad. Sci. U.S.A. 76, 1373
(1979).

50. Supported by NIH grants GM-23143-04, CA-
13696, and AM-25274-13, NSF grant 24120, a
grant from the National Foundation-March of
Dimes, and a grant from the Cooley’s Anemia
Foundation.

entific field, including the social sciences
and humanities, (ii) work under science
plans officially approved by higher au-
thority, (iii) are funded under planned fi-
nancing for science, and (iv) are staffed
by scientific workers (/). Scientific insti-
tutions include scientific research insti-
tutes and laboratories; design organiza-
tions, industrial testing stations, and ag-
ricultural experimental stations engaged
in research; and a variety of organi-
zations—higher educational institutions,
museums, observatories, zoos, natural
parks, computer centers, libraries, and
state archives—that conduct research in
addition to their primary functions. Sci-
entific organizations not classified as sci-
entific institutions include nonresearch
design  organizations, experimental
plants that do not produce industrial
products for sale, maritime resources
prospecting organizations, industrial
testing laboratories, computer and infor-
mation centers not engaged in research,
hydrometeorological organizations, and
geological survey and prospecting orga-
nizations.

Table 2 gives the total number of So-
viet scientific institutions and their distri-
bution by type. The number of scientific
institutions has increased from 3447 in
1950 to 5327 in 1975, or by more than 50
percent. The increase was primarily a re-
flection of a twofold increase in the num-
ber of scientific research institutes. The
number of independent design bureaus
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