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and Evolutionary Analysis

Philip Leder, J. Norman Hansen, David Konkel,
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The globin genes have a special place
among the systems first examined by
means of recombinant technology (/).
This is so because more than 50 years of
intense study had created an array of
questions that could now be dealt with at
the molecular genetic level and also be-
cause nature had conveniently arranged
for the development of the red blood cell
to occur in such a way as to make globin
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messenger RNA (mRNA) abundantly
available. The combination of interesting
genetic phenomena and the availability
of probes (globin mRNA) made the glo-
bins an early and promising target for
gene cloning. Proudfoot et al. (2) have
reviewed the progress made in under-
standing human globin genes. We de-
scribe what has been learned from study-
ing the mouse.
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The Mouse Globin Gene System

Globin gene expression in the mouse
begins during intrauterine development
with the appearance of a primitive popu-
lation of nucleated red blood cells in the
embryonic yolk sac. In contrast to adult
mouse erythrocytes, these cells produce
three embryonic globins, one a-like (X)
and two B-like (Y and Z), whose ex-
pression is limited to this special cell
population and this specific period of de-
velopment (3). Adult a-globin also ap-
pears in yolk-sac red cells, but continues
to be produced in nonnucleated adult
erythrocytes, where it is accompanied
by the appearance of adult 8-globin. The
two adult globins are produced in rela-
tively equivalent amounts from the third
and final week of gestation throughout
the lifetime of the organism (4).

Genetic and structural studies had in-
dicated that the BALB/c mouse ex-

The authors are investigators at the Laboratory of
Molecular Genetics, National Institute of Child
Health and Human Development, National Insti-
tutes of Health, Bethesda, Maryland 20205.
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pressed at least two «a and two 8 genes
and that the « and B genes were located
on separate chromosomes (4). Further-
more, while some form of coordinating
regulation controlled the stoichiometric

bits of coding information are assembled
was easily identified. It had long been
known that 8-globin mRNA was synthe-
sized via a 1.5-kilobase (kb) precursor
that was processed to the 0.6-kb mature

Summary. Structural and functional analysis of the mouse a-globin and B-globin
genes reveals that the globin genes are encoded in discontinuous bits of coding infor-
mation and that each gene locus is much more complex than was originally sup-
posed. Each seems to consist of an array of several authentic genes as well as sever-
al apparently inactive pseudogenes. Comparison of the sequences of some of these
genes to one another indicates that chromosomal DNA is a dynamic structure. Flank-
ing and intervening sequences change in two ways: quickly, by duplication and exten-
sive insertions and deletions, and slowly, by point mutation. Active coding sequences
are usually limited to the slower mode of evolution. In addition to identifying fast and
slow modes of evolution, it has also been possible to test the function of several
signals that surround these genes and to identify those that appear to play a role in

gene expression.

appearance of a-globin and $-globin, an-
other form -of regulation controlled the
relative expression of the two B-globin
genes (major and minor), adjusting their
normal 4:1 level of expression to a more
nearly equivalent ratio immediately post-
partum or in the presence of profound
anemia (5). Even though genetic and bio-
chemical studies had prepared us to ex-
pect reasonably complex loci and elabo-
rate regulatory systems, nothing really
suggested the true complexity of a globin
gene locus in terms of its expressed genes
and pseudogenes, and nothing even faint-
ly suggested that these genes would turn
out to be encoded in discontinuous bits
of coding DNA.

Structure and Assembly of

Coding Information

The initial picture of the globin gene as
an interrupted structure (Fig. 1) (I, 6-8)
immediately raised a host of questions,
some of which were easily answered.
The interrupted nature of the B major
globin gene turned out to be a general
feature of the other mouse globin genes
(7, 9-11) (see Fig. 2). Moreover, the glo-
bin genes were divided by intervening
sequences (noncoding regions) at the
same relative positions, indicating that
the ancestral globin gene was identically
interrupted and that this organization
had been preserved for over 500 million
years of vertebrate evolution (/2-/4). In-
deed, as the mouse globin gene family
was cloned and the sequences of many of
its members were determined, it became
clear that neither extensive regions of
primary structure nor length were neces-
sarily conserved within these intervening
sequences (/2-14).

The step at which the discontinued
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globin mRNA (/5). By annealing purified
precursor mRNA to the cloned 8 major
gene, an R-loop (RNA-DNA hetero-
duplex) structure could be visualized
that indicated that the entire gene, in-
cluding the intervening sequences, was
transcribed into the precursor (/6). The
precursor, in turn, must be processed by
splicing out the intervening sequences

and covalently joining the coding seg-
ments to form the coherent, mature form
of the mRNA (Fig. 3). Considerable evi-
dence supporting this view has been ob-
tained (/7).

The splicing reaction itself and the sig-
nals that specify it have not yet been
fully characterized. In contrast to the en-
zyme involved in maturation of transfer
RNA’s (18), no soluble enzyme system
has as yet been obtained that is capable
of catalyzing the mRNA splicing reac-
tion. The hierarchy of events that lead to
splicing have, however, been roughly
outlined. Capping (the addition of 7'-
methyl guanosine to the 5’ end of the glo-
bin transcript) and 3’ polyadenylation
seem to precede splicing, which is
largely completed within the nucleus
(19). A consensus sequence that might
be involved in signaling the splicing reac-
tion has been identified by comparison
of intervening-sequence borders from
many genes (20). The collected mouse
globin sequences are shown in Table 1
and are displayed in relation to one such
splicing rule (27). Most recently it has
been suggested that sequences contained
within ubiquitous species of low-molecu-
lar-weight nuclear RNA might serve to
facilitate splicing because of comple-
mentarity to the intervening-sequence
borders (22). This and other attractive
ideas obviously await the development
of suitable splicing systems for the appli-
cation of critical experimental tests.

Function of Intervening Sequences

A question that has generated consid-
erable attention is what roles, if any, in-
tervening sequences might play in the
evolution and in the regulated expression
of genes. It has been suggested, for ex-
ample, that intervening sequences might
serve as sites for illegitimate recombina-
tion, thereby facilitating evolution by
joining different functional coding do-
mains (23). This idea fits well with the re-
peated domain structure of immunoglob-
ulin heavy chain genes (24). On the other
hand, we have suggested that evolution-
ary drift between intervening sequences
in repeated genes (such as those of

Fig. 1. Electron microscopic visualization of a
hybrid formed between the mouse B8 major
globin gene and its RNA. The arrows point to
two intervening segments of DN A that are ab-
sent in the mRNA sequences. The molecule is
represented diagrammatically below the fig-
ure, the thicker line is double-stranded DNA
or RNA-DNA hybrid. The thin line represents
the single-stranded DNA that has been dis-
placed by the binding of globin mRNA to
gene. The photograph is from Leder et al. (6).
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Table 1. Comparison of the intervening-sequence (IVS) borders of mouse globin genes.

Gene VS Sequence
8 major 1 GCAG(GTTGG......TTTAG)GCTG
88 minor 1 GCAG(GTTGG......TTTAG)GCTG
a 1 AAAG(GTGAG......CCCAG)GATG
8 major 2 CAGG(GTGAG......CACAG)CTCC
B minor 2 CAGG(GTGAG...... CACAG)CTCC
. 2 CAAG(GTATG......CGCAG)CTCC
cAp. .. : 9 pA. .
# Major F_I_—“:{\:]_—: L 1'
TATAAA AATAA
cAp. .. pA. .
. | — 1
B Minor ;]:D—E T
TATAAA AATAA
cAp. .. pA. .
a I e LI 1 2 |
1 | | 1 L
TATAAG AATAA
HIS-58 +1
94 ) g
TATAAG e
a3 LI}
TAGAAG] A A 0.5 kbp ,
L

AATAA IL

Fig. 2. Diagrammatic representation of the mouse 8 and « genes and pseudogenes. The boxes
represent coding sequences; the thin lines, flanking or intervening sequences. The numbers
within the intervening sequences of these structures identify the intervening sequences as the
first or second (5' to 3'); the letters cAp . . . identify the cap site; pA . . . identifies the poly(A)
addition site. The conserved and possibly functionally significant 5’ and 3’ sequences are noted.
The pseudogenes a4 and «; are specially annotated. Position 58 is noted in ay; it is normally a
His, but in a4 this position encodes Tyr, which would convert this gene into a pathologic methe-
moglobin sequence. The +1 noted at the termination site of «, indicates a +1 frame shift with
respect to the normal termination codon that is indicated by a broken line. The next (read-
through) terminator codon is indicated by the extended box. The fact that the intervening se-
quences are lost from the a3 gene is indicated by the triangles below the sites from which they
have disappeared. Note that the conserved promoter or Hogness box in a3 contains a G in place
of T in what is otherwise a highly conserved region.

/3- Globin gene

=%

V Z

Transcription—

| X

G AAA Interrupted globin

mRNA precursor

o

IAAA

Splicing Rxn-

I AAA Assembled globin mRNA

*

¢

Fig. 3. Pathway of mRNA maturation. The top figure diagrammatically represents the 3-globin

gene with its two intervening sequences. The primary transcript is shown as is the splicing step

that results in the mature form of mRNA; G* indicates the capped 5’ end of the mRNA and
AAA indicates the 3'-poly(A) tail.
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mouse S-globin) might serve to reduce
sequence homology between them and
thereby stabilize those genes by reducing
the likelihood of unequal crossing-over
and subsequent gene loss or amplifica-
tion (/0). Tandem genes that conserve
considerable intervening and flanking se-
quence homology, such as the mouse
(25) and human a-globin genes (26) and
families of immunoglobulin « variable re-
gion genes (27), might be less stable, un-
dergoing more frequent gene loss or rep-
lication because of long stretches of
shared homology between tandem se-
quences. Indeed, the a genes and immu-
noglobulin variable genes appear to be-
have in just this way (28).

Apart from the role intervening se-
quences might play in evolution, their
role in gene expression has been tested
by making use of hybrids formed be-
tween mouse globin genes and the simian
virus SV40 (29). Hybrid viruses that con-
tained intervening sequences derived
from SV40 or the globin gene (or both)
directed the synthesis of stable RNA
transcripts in suitably infected African
green monkey kidney cells. In the ab-
sence of functional intervening se-
quences, the inserted globin sequence
was transcribed, but no stable transcript
appeared in the cytoplasm of infected
cells (Table 2). Studies with other deriva-
tives of SV40 showed similar results
(30). Evidently the presence of a func-
tional splice signal is required for the ex-
pression of these genes, at least in this
system.

Although this result suggests that in-
tervening sequences play some essential
role in the expression of globin genes, we
cannot confidently generalize from this
observation: clearly, histone genes are
uninterrupted and readily expressed
31). Recently one of the early adeno-
virus primary transcripts has been found
to be colinear with its mRNA (32). It
may be that there are two (or more)
classes of genes that depend upon two
(or more) different mechanisms to move
their transcripts from nucleus to cyto-
plasm in a stable way.

Unexpected Complexity of
Globin Gene Loci

As we have indicated above, genetic
and biochemical experiments had led us
to expect four adult and three embryonic
globin genes. This simple phenotype,
however, is derived from two unexpect-
edly complex loci, encoding many osten-
sibly silent copies of globin-like genes.
Randomly generated libraries of frag-
ments of mouse DNA cloned in phage A
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enabled us to identify nine hybrid phages
which contained overlapping sequences
that could be rearranged into the phys-
ical map of the 8 locus (shown in Fig. 4).
Six discrete coding regions are shown.
Edgell and Hutchison and their col-
leagues (33), who have created a similar
map of this locus, have evidence to sug-
gest that the B4 coding region (Fig. 4) is
actually two discrete globin-like se-
quences, one of which is only a fragment
of a coding sequence. Presumably two of
the genes encode the embryonic globins,
X and Y, whereas others have no known
phenotypic counterpart.

The « locus is equally complex,
though not yet organized into a complete
physical map. We have cloned six dis-
crete a-globin-like genes and determined
the sequences of four of them. Two cor-
respond to adult a-globins [one (o) is
shown diagrammatically in Fig. 2] and
two are pseudogenes; that is, they con-
tain sequences quite homologous to the
« coding sequence, but with enough base
substitutions to create either missense or
nonsense mutations (or both). One of
these pseudogenes [«, in Fig. 2 (34)] con-
tains point mutations that would sub-
stitute a Tyr (tyrosine) for a His (histi-
dine) in amino acid position 58. It also
has undergone changes that shift the nor-
mal termination codon out of phase so as
to continue the globin reading frame for
an additional 40 amino acids (a4 in Fig.
2). If a4 were expressed in the BALB/c
mouse, it would direct the synthesis of
pathologic hemoglobin analogous to both
methemoglobin Boston and to hemoglo-
bin Constant Spring. We have found no
abnormal hemoglobins in these mice and
therefore assume that this gene is not ex-
pressed in adult red cells. The second
pseudogene [ag in Fig. 2 (1, 35)] has a
most surprising structure in that it entire-
ly lacks intervening sequences. Since we
have been unable to find significant
amounts of mRNA that correspond to
this gene in either embryonic or adult re-
ticulocytes, we assume that this gene is
also inactive in red cells.

Below, we consider the mechanisms
that may have given rise to these genes
and what they tell us about the mecha-
nisms that are available for chromosomal
evolution. It is already evident that the
globin gene locus consists not only of its
phenotypically active genes, but also of
an array of ostensibly inactive genes that
probably arose as the result of ancient
duplications. These genes, released from
the selective pressures that conserve glo-
bin coding sequences, began to drift and
break up in a way that now reflects very
fundamental mechanisms that act on all
DNA sequences.
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Evolution at Two Speeds

The two mouse B-globin genes, major
and minor, provide a useful evolutionary
model by which to gauge the progress
and reconstruct the mechanisms of evo-
lutionary drift among related genes. The
minimal amino acid differences between
these genes (9 of 146 amino acids) sug-
gest that they arose by a duplication
event and have been apart for 30 million
to 50 million years. Both genes have
been cloned, and their sequences have
been completely determined (/3). The
degree of conserved homology between
the genes can be visualized by forming a
heteroduplex molecule between cloned
segments encoding each gene (Fig. 5)
(10). Both genes are embedded in non-
homologous segments of DNA, but have
conserved homology—in addition to
their coding sequences—in a few hun-
dred bases bordering their structural
genes and in the border regions of their
intervening sequences. Such conserved
homology suggests a functional role for
these flanking sequences, a possibility to
which we shall return below. The region
of nonhomology within the gene is espe-
cially interesting; it corresponds to a
large segment of the second intervening
sequence.

The nucleotide sequence data confirm
the impression gained from the hetero-
duplex analyses and allow us to discern
two different modes of evolution (I3).
The sequence homology and divergence
is summarized diagrammatically in Fig.
5. The coding sequences differ mainly by
point mutations and have changed very
little. Their divergence has been slow,
largely one base at a time. Deletions and
insertions that would grossly affect pro-
tein structure or cause out-of-phase
missense reading do not appear. It is
from the second intervening sequence,
however, that we gain our greatest in-

sight into the mechanisms that affect
chromosomal DNA. Here the two se-
quences have diverged greatly, propelled
principally by insertions and deletions
that alter very large segments of DNA.
Occasionally a deletion can be traced
back to small repeated sequences in the
nondeleted gene, suggesting that the seg-
ment was lost by homologous recombi-
nation within highly mutable sites (hot
spots) (36). Thus, strongly selected se-
quences change slowly, if at all, and then
by point mutations. Unselected flanking
and intervening sequences change quick-
ly, altering large pieces of DNA at a
single stroke.

From what we have learned by com-
paring the sequences of the « genes and
pseudogenes (11, 14, 37), it is clear that
coding sequences are not immune from
deletions, but rather that selection pre-
vents them from appearing in essential
genes. Evidently large segments of the
second intervening sequences of the 8
major and minor genes are not subject to
the same selective pressures that operate
on its coding sequences to tightly con-
serve their homology. Interestingly, the
first, and smaller, intervening sequence
contains no in-phase termination codons
and therefore could be read through en-
tirely if it were not spliced out during
RNA maturation. This sequence is well
conserved between 3 major and 8 minor
genes.

Pseudogenes

Pseudogenes may be a misnomer
when it is used to refer to sequences that
bear an obvious evolutionary relation-
ship to an active gene but that do not
seem to share its activity. As it turns out,
two well-characterized examples that oc-
cur at the mouse a locus have been
found. Each has undergone sufficient

B1 B2 B3 B4 MAJOR MINOR
53 2 22 1 e ¢ ¢ 1Nl L1 $3
[N AT A T+
Bam p Y '| +—+ ? —+ +
- Hind Il ¥ — .

AC4ABE Il 6(&/——r—r— @
AC4ABE 3 ———— —
AC4ABE 5 | | ,
AC4A-BE45B F - —
AC4A-BE2J —_—

AC4A'BE72B
AC4A-BE6O
AC4A-BE56

AC4A'BE10 . 10 20
L

30 40 50

kb

Fig. 4. Physical map of the BALB/c mouse S-like globin gene locus. The map was derived from
restriction endonuclease digestion of the cloned segments of DNA shown in the figure. The
extent and identifying number of each cloned fragment is shown, as are some restriction sites.
Triangles represent sites that occur within a coding sequence which have been confirmed by
sequence analysis. Each box represents an area containing coding sequences. Jagged lines rep-
resent borders of coding sequences not yet precisely determined; straight lines represent pre-
cisely determined borders. The physical map is approximately 60 kbp in length.
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evolutionary drift so as to either encode
a pathologic globin (a,) or a coding se- 11
quence ni €volutionary drift so as to either encode
bin-like 2 pathologic globin () or a coding se-
shall see, quence no longer translatable into a glo-
and answ: bin-like polypeptide chain (a3). -As we
mechanis shall see, these pseudogenes both raise
provide a and answer questions about evolutionary
ring mute mechanisms. They also conveniently
comparec provide a ready array of naturally occur-
tive gene: ring mutant gene segments that can be
The ar compared to analogous segments in ac-
that a gen tive genes.
amplifyin The array of pseudogenes suggests
extra cop that a genetic locus is in a dynamic state,
dergo furt amplifying gene sequences and releasing
otherwise €xtra copies from selection so as to un-
ies might, dergo further mutational drift than would
sequence: Otherwise be permitted. These extra cop-
tions or {ies might, for example, provide the spare
functiona sequences from which new modifica-
cessing, :tions or functions are fashioned within
might ser functional signals for transcription, pro-
reclamati(cessing, and regulation. In short, they
general fe might serve as a bank for the eventual
reclamation of new genes. Were this a
general feature of evolution, one might
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Table 2. Effect of intervening sequences on
the ability to form stable transcripts in globin

the ability to form stable transcripts in globin
gene-SV40 hybrid virus-infected cells [adapt-
ed from (29)]

Source of IVS

Virus
SV40 Globin Stable RNA
1 + + +
2 i - G
3 e + +
4 s i =

expect to encounter such complex gene-
pseudogene loci frequently. In addition,
one might also expect to find active
genes that map close to a given locus,
bearing a recognizable evolutionary rela-
tionship to its genes, but now serving a
completely different function in the orga-
nism. A possible example of this might
be the interesting evolutionary relation-
ship that Koussis et al. (38) have discov-
ered between serum albumin and « fetal
protein. These two genes apparently dif-

fer in function but appear to have

y 10 Iorm stable transcripts evolved from a common ancestor.
Table 2. Effect of intervening sequences on

fer in function but appear to have
evolved from a common ancestor.

In addition to suggesting the possi-
bility of an evolutionary collection of
spare genes, these pseudogenes, unlike
the active genes from which they are de-
rived, reveal an unexpected range of mu-
tational mechanisms that operate on ap-
parently unselected sequences of DNA.
The most striking example of such a pro-
cess is provided by the structure of the
oy gene (Fig. 2) (I1, 35). In contrast
to all globin genes thus far examined,
this pseudogene lacks intervening
sequences. Moreover, intervening se-
quences are missing in accordance with
the GT-AG (A, adenine; G, guanine; T,
thymine) rule of RNA splicing (21); that
is, the gene sequence is homologous to
that of the mature a-globin mRNA. A
further comparison of the a3 sequence to
that of the adult o gene revealed a close
(>80 percent) homology, which indi-
cated that this gene had diverged from
the o gene lineage after the ao-B diver-
gence. Since a and B3 genes are inter-
rupted by intervening sequences at ho-
mologous positions, their common an-
cestor must have carried these two inter-
vening sequences and, therefore, rather
than representing an uninterrupted
primitive globin gene sequence, it is far
more likely that a3 has lost both its inter-
vening sequences.

Given the conserved nature of a-glo-
bin and B-globin gene organization, loss
of an intervening sequence must be a
fairly infrequent event. From studies of
globin gene sequences cloned in SV40, it
would seem that such a loss would result
in the inactivation of a globin gene (29).
From the way the coding segments of ay
have diverged (unselected mode in-
volving insertions and deletions) and be-
cause we are unable to find s mRNA in
embryonic or adult reticulocytes, we
tentatively conclude that as is an inactive
gene. This is in contrast to the apparent-
ly normal activity exhibited by the rat in-
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homologou micrograph. The molecule is diagrammatically represented below the electron micrograph, and the 5’ and 3’ orientation of the
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sulin I gene, which has lost only one of
its two intervening sequences (39).
These two examples suggest that while
intervening-sequence loss is an infre-
quent event, it is not altogether rare.
One can imagine a number of possible
mechanisms by which intervening se-
quences could be lost, and several of
these have been dealt with (11, 35). A

critical clue resides in the fact that the

intervening sequences have been lost in
accordance with the GT-AG splicing
rule; this suggests that the RN A splicing
mechanism has at least indirectly medi-
ated the loss of sequences from chromo-
somal DNA. Even with this assumption,
a number of mechanisms are possible.
For example, chromosomal integration
of a complementary DNA (cDNA) copy
of the globin mRNA would produce such
a structure. The fact that sequence ho-
mology of the a3 and «; genes extends
beyond the 5’ capping site of the genes
(11, 35) suggests that, if such an in-
tegration event occurred, it did not occur
by illegitimate recombination at some
nonglobin locus, but required recombi-
nation involving a double crossover with
anormal globin gene. The many steps re-
quired by this process, including the
presence of cDNA in a germ-line cell,
make this mechanism seem unlikely. It is
also possible that the RNA splicing en-
zymes can operate on DNA; even
though there is nothing to rule out this
possibility, and it is in some respects
quite attractive, we might expect far
more variation in the occurrence of inter-
vening sequences in globin genes than
seems to be the case.

In the absence of definitive evidence,
we favor another mechanism that also in-
vokes the mediation of normal splice
mechanisms, but indirectly, through a
gene conversion event involving a het-
eroduplex structure formed between glo-
bin mRNA and a replicating globin gene.
The model is shown diagrammatically in
Fig. 6. Imagine a growing fork at a DNA
replication site and a globin mRNA hy-
bridized to one of the single-stranded re-
gions encoding the interrupted globin
gene. The putative structure could con-
tain one or two looped-out, single-
stranded intervening sequences; two are
indicated in the figure. A nicking activity
could readily attack either or both single-
stranded regions containing the inter-
vening sequences. The nicked strands
would then be removed by an exonucle-
ase, and the covalent structure would be
restored by a closing enzyme. If the
RNA strand were nicked—and this
should be a much rarer event—the inter-
vening sequence would be filled in by re-
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Fig. 6. Diagram indicating the possible modes
of resolution of a hypothetical recombinant
heteroduplex formed between a single-
stranded region of genomic DNA to which
globin mRNA is hybridized. A mRNA forms a
heteroduplex structure (for example) at a rep-
lication fork. One or both intervening se-
quences (IVS’s) loop out as a single-stranded
structure that is nicked, degraded, repaired,
and covalently joined in a sequence corre-
sponding to the mature mRNA, thereby delet-
ing the intervening sequences in accordance
with the GT-AG splice rule.

pair enzymes and no change in the gene
structure would occur. In this way, ei-
ther or both intervening sequences could
be removed. We imagine that both loops
were resolved by deletion in the «; gene,
whereas only one appears to have been
resolved by deletion in the rat insulin I
gene,

The requisite globin mRNA and the
enzymes required by this model are, in
fact, likely to be present in an appropri-
ate germ cell. Globin mRNA sequences
have been detected in Xenopus oocytes
(40) which is consistent with the notion
that the RNA populations of primitive
cell types are extremely complex ¢1).
We assume the presence of the requisite
DNA repair system, extrapolating from
the experimental demonstration of gene
conversion in SV40-infected African
green monkey kidney cells (42).

Functional Assessment of Surrounding

and Interrupting Sequences

A correlation of the structural infor-
mation we have gathered about the
mouse globin genes allows us to identify
specific segments that are likely to be of
functional significance. Above we noted
how conservation of sequences at the
globin intervening-sequence borders and
their comparison to similarly placed se-
quences in other genes allowed the deri-

vation of a consensus sequence that
might serve as all or part of a splicing sig-
nal (Table 1). Similarly, comparisoiis of
sequences that lie to the 5’ and 3’ sides of
globin genes allow us to identify se-
quences that might be concerned with
transcriptional initiation and termination
or polyadenylate [poly(A)] addition (Fig.
2). Notice that the sequence TATAAA
(or TATAAG) occurs approximately 30
bases to the 5'side of the cap site of each
active globin gene. This sequence had
previously been identified on the 5’ side
of several histone genes and has been
found similarly located in a variety of
viral and chromosomal sequences. It
was presumed to be involved in tran-
scriptional initiation (43). The 3’ nucle-
otide AATAAA had also previously
been found preceding the poly(A) addi-
tion site in many mRNA’s and it was
therefore suggested that it served as a
signal for this process @4). Such correla-
tions are useful in that they rely upon se-
lection to conserve regions of functional
significance. However, while these cor-
relations provide important clues, they
cannot prove a function or display the
broad spectrum of relative activities that
can be encoded into such signals. This
kind of information comes from direct
functional tests.

Of the two basic approaches to func-
tional testing, in vivo and in vitro sys-
tems, the latter is obviously easier to ma-
nipulate, while the former offers at least
the hope of being able to arrange for gene
expression in its authentic cellular con-
text. Perhaps the most successful in vivo
system for manipulating the function of
mammalian genes comes from forming
hybrid SV40 viruses ¢5, 46). With this
system, it was shown that the RNA
splicing reaction can occur across spe-
cies and organ barriers, that as few as 18
nucleotides on the 5’ side of the B-globin
intervening-sequence border suffice for
RNA splicing, and that intervening se-
quences seem to be essential for ex-
pression of certain genes (29, 45, 47). In
addition it could be shown that the a-glo-
bin gene promoter resided on the a-glo-
bin gene-containing fragment used to
construct the hybrid (this DNA included
500 bp of 5’ flanking sequence) ¥8).

The gene mapping of the promoter ac-
tivity, however, is much more easily de-
termined by use of one of the cell-free
transcriptional systems that have recent-
ly been developed and that accurately
initiate transcription at RN A polymerase
II promoters ¢9). With the use of a suit-
ably modified system, truncated seg-
ments of the «;-globin gene were used to
show that the «; promoter activity re-
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sided on a 148-bp segment that included
the TATAAG box referred to above and
extended only seven nucleotides to the
3’ side of a4 cap site (the putative initia-
tion point of transcription) (50). In addi-
tion, the cell-free system was used to as-
say analogous regions derived from the
two mutant genes or pseudogenes. Both
were found to be inactive. While a num-
ber of base substitutions occur between
the authentic a sequence and its pseudo-
genes, very few occur in positions that
are otherwise conserved between the o
and B genes in this region. Perhaps most
interesting is the single-base substitution
that occurs in the a3 pseudogene, con-
verting the position exactly 30 nucle-
otides from the cap site from T to G
(TAGAAG). Obviously, this approach,
coupled with the ability to use other
pseudogenes. and to form hybrids be-
tween active and inactive promoters of-
fers a means of completely defining the
structure of a promoter site. The subtler
definitions, those seeking to answer criti-
cal questions about relative and temporal
expression of globin (and other) genes,
depend on the development of more
complex systems or more precise means
of introducing genes (or mutations) into
their authentic chromosomal context in
living cells.

Recombinant DNA technology has be-
come such an essential and common-
place tool of genetic investigation that its
success will eventually cease to astonish
us. Future surprises will have to come
from understanding solutions that nature
devised for genetic problems. In this re-
gard, there is a special irony in the unin-
terrupted structure of the a3 gene that we
discussed above. Had it been discovered
in 1977, we would have been left with
the comfortable feeling that evolution
created no surprises when dealing with
fundamental structures like genes. Just 3
years later, such a finding creates exactly
the opposite impression.
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