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ABSTRACT We have cloned and characterized a 9.7-kilo-
base EcoRI fragment of mouse DNA that contains an a-globin
gene. The gene is encoded. in at least three discontinuous seg-
ments of DNA interrupted by two small intervening sequences
that can be visualize as R- oop structures in the electron mi-
croscope. The size of the ene and its small intervening se-
quences fits well with the Cnown size of the a-globin-mRNA
precursor, suggesting that these intervening sequences, like
those of f-globin, are transcribed. Partial sequence analysis
indicates that the larger intervening sequence interrupts the
a-globin gene at a site exactly corresponding to that interrupted
by the larger intervening sequences in both the -globin major
and minor genes. This observation suggests that these sequences
werepresent when the a- and "globin genes diverged in early
vertebrate evolution, more than 500 million years ago, Fur-
thermore, though a and ,tji genes are encoded on different
chromosomes, when their sequences are compared directly by
visualization of heteroduplex structures, only one 150- to 200-
base-pair segment of homology is recognized. These homologous
sequences are located on the 3'-flanking segments of both genes,
about 1.5 kilobases from each.

Globin production in developing erythroid cells involves the
coordinate expression of at least two sets of genes located on
different chromosomes: those corresponding to the a- and fl-
globin polypeptides (see review, ref. 1). By using cloned seg-
ments of BALB/c mouse genomic DNA we have shown that
the two tightly linked adult fl-globin genes, fjl"i and #rnin, are
each interrupted by two intervening sequences of DNA (2-5)
and that they share homology with one another in the regions
immediately surrounding their coding and intervening se-
quences (5). Intervening sequences have also been found in
rabbit globin genes (6) and in genes corresponding to Dro-
sophila 28S ribosomal RNA (7-9), adenovirus (10-12), simian
virus 40 (13), mouse immunoglobulin (14), yeast tRNA (15, 16),
and chicken ovalbumin (17-20) and thus appear to be a com-
mon feature of eukaryotic gene organization. Because both
mouse f-globin genes are coordinately expressed and direct the
synthesis of mRNA precursors that include their intervening
sequences (21-23), it is possible that their shared sequences play
some critical role in their joint regulation and in the processing
of their 15S mRNA transcripts.

Unlike the adult mouse fi-globin genes, the mouse a-globin
genes are expressed during both fetal and adult life (24). In
addition, the mature form of the a-globin mRNA appears to
be synthesized via a small 850-base precursor, approximately
250 bases larger than the cytoplasmic a-globin mRNA (25, 26).
It is likely that certain aspects of the structure and organization
of one a-globin gene will allow us to account for its joint ex-
pression with other a-globin genes located on the same chro-
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mosome (in cis) and with fl-globin genes located on a different
chromosome (in trams).

Here we describe the cloning and characterization of one of
the E-coRI fragments of BALB/c mouse DNA that includes an
a-globin gene. Like the fi-globin genes, this a-globin gene is
interrupted by at least two intervening sequences of DNA.
Unlike the fl-globin genes, however, both a intervening se-
quences are small, likely accounting for the smaller size of the
a-globin mRNA precursor. Despite these differences, the one
a intervening sequence whose location we establish occurs at
a position that aligns precisely with those of the larger inter-
vening sequences in the fl-globin major and minor genes. We
have also located a closely linked, flanking segment of DNA that
is homologous between the a and #nmai genes. This shared se-
quence is especially interesting in view of the trans regulation
of the a- and jB-globin genes.

MATERIALS AND METHODS
Fragment Isolation and Hybrid Phage Formation. EcoRI

restriction endonuclease fragments of BALB/c mouse DNA
were prepared and isolated by RPC-5 chromatography and
preparative agarose gel electrophoresis as described (27, 28).
The purified fragments were cloned under P3-EK2 conditions
in the EK2 vector XgtWES-XB (29) as described (27), and de-
tected by using the technique of Benton and Davis (30). All in
situ hybridizations were carried out by using 32P-probes labeled
by nick translation to a specific activity of about 40-80 cpm/pg
and annealed to nitrocellulose blots according to Southern (31)
as modified (5). Phage and plasmids were grown and DNA was
prepared as described (2, 5, 27). a-Globin and (i-globin cDNA
clones (pCRl-#M9 and pCR1-aM10) in plaids (32) were used
as probes.

Sequence Determination. The nucleotide sequence around
the BamHI site (Fig. 2) was determined by first isolating a Sac
I-cleaved fragment containing the globin sequence, cleaving
with BamHI, enzymatically labeling the BamHI ends with -2P,
isolating the appropriate fragments by polyacrylamide gel
electrophoresis after cleavage with Mbo II and Hae III, and
determining the fragment sequences as described by Maxam
and Gilbert (33).

Electron Microscopy. The 9.7-kilobase (kb) a-1 EcoRI
fragment was isolated from 1% agarose and annealed to globin
mRNA and prepared for- R-loop analysis as described (4).
Heteroduplexes were formed between NgtWES-Mal (in both
orientations) and XgtWES-ftG2 (#=Ji) and XgtWES-flG3 (fl"dn)
by alkalai treatment of the purified phage in CsCl and subse-
quent renaturation in the presence of.50% formamide/0.1 M
Tris-HCI, pH 7.5/10 mM EDTA for 1 hr at 250C at a final
concentration of 5-,ug/ml. The DNA was diluted 5-fold in 70%
formamide and spread onto a hypophase of H20.

Abbreviations: kb, kilobase; bp, base pair.
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RESULTS AND DISCUSSION
Identification and Cloning of a-Globin Genes. Genetic

evidence has suggested the presence of at least two adult a-
globin genes in the BALB/c mouse (see review, ref. 32). We are
able to identify and partially purify the, EcoRI restriction en-
donuclease fragments of mouse embryonic DNA that encode
elements of these genes by use of RPC-5 chromatography (26)
and subsequent preparative agarose gel electrophoresis (27).
Three fragments were detected by hybridization to an a-globin
cDNA plasmid (Fig. 1). The largest of these (9.7 kb) was se-
lected for cloning in the XgtWES-XB system (29). The isolated
fragments (which had been purified approximately 500-fold)
were ligated into the phage DNA and transfected to yield ap-
prox ely 10,000 hybrid phage. These, in turn, were screened
by using the filter blot technique of Benton and Davis (30) and
a 32P-labeled probe containing a cloned a-globin cDNA se-
qune (31). Two independent and ultimately i nhable
hybrds containing a-globin sequences were obtained and
designated Mal. Neither cross-hybridized to a 0-globin cDNA
plasmid (32).
ITe a-Globin Gene Is Interrupted by At Least Two In-

tervening Sequences. The location and structure of the a-
globin gene within the cloned 9.7-kb fragment (XgtWES-Mal)
was s hed by hybridization as noted above, by restriction
endonuclease analysis (not shown), by visualization of the R-
loop structure formed between the a-globin gene and globin
mRNA (Fig. 2), and by partial sequence determination as-noted
below. The R-loop structure revealed two unequal R-loops
separated by a small segment of double-stranded DNA for
which there is no single-stranded DNA displacement loop. In
addition, a smaller, double-stranded knot-like structure occurs
within the larger R-loop. Both structures (indicated by the ar-
rows in Fig 2) occur at the same position in each of 31 molecules
analyzed and both can be interpreted to represent DNA se-
quences in the a-globin gene that are missing from the mature
a-globin mRNA-i.e., the a-globin gene appears encoded in
at least three discontinuous segments of DNA separated by at
least two intervening sequences. Interestingly, the relative
position of each intervening sequence within the R-loop
structure is very similar to that seen in the (l-globin genes (see
below), although the larger a intervening sequence is consid-

erably smaller than that seen in two fl-globin genes (2, 5, 34).
Measurement of these structures suggests that the larger in-
tervening sequence is approximately 150 I 41 (SD) base pairs
(bps) in length. (this is likely an underestimate) whereas the
smaller, which cannot be measured by using this technique,
appears to be approximately the same size as the smaller in-
tervening sequence visualized in the -glbini gene (2). The
small ffmaJ intervening sequence is 116 bps as measured by di-
rect sequence determination (34). Taken together the R-loop
and intervening sequences measure approximately 850 I 170
bps, a length approximately equal to that of the a-globinmRNA
precursor (25, 26).

In view of the fact that the 15S fl-globin mRNA precursor
contains transcripts of both its intervening sequences, it is likely
that the a-globin precursor contains intervening sequences as
well. The relatively smaller size of the a-transcript globin
mRNA precursor would then be accounted for by the relatively
smaller size of a-globin intervening sequences. Indeed, the
difference in size between the second intervening sequence.of
0-globin and a-globin (;650 bps and '150 bps, respectively),
-500 bps, would account for the approximate difference in
length between the two mRNA precursors.
A Striking Homology between the Sequence Interrupted

by the Urger a- and P-Globin Intervening Sequences. When
the complete nucleotide sequence of the fl-globin gene was
determined (34), it was noted that both ,fglobin intervening
sequences interrupt the fl-globin coding sequence between
codons corresponding to the tripeptide Arg-Leu-Leu which is
repeated at positions30-2 and 104-106 in the ,-globin poly-
peptide chain. We have noted above that the a-globin inter-
vening sequences appear to occur at roughly the same positions
relative to the R-loop structure as do the fl-globin intervening
sequences. In order to establish the exact position of the larger
a-globin R-loop and the orientation of the gene, we determined
the nucleotide sequence of a region of the gene surrounding the
BamHI site located at codons corresponding to amipo acid
positions 94 and 95 (ref. 35; see arrow in Fig. 3). The deter-
mined sequence (Fig. 3) specifies codons corresponding to
amino acids 75 through 99 of a-globin and then begins a mis-
sense sequence that marks the 5' border of the larger inter-
vening sequence. The a-globin gene is therefore interrupted
between codons 99 and 100.Ix
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Interestingly, when we align the a- and f3-globin genes to
maximize homology in their amino acid sequences and to match
their functionally specific amino acid residues (36), amino acid
positions 99 and 100 of a-globin correspond to amino acid po-
sitions 104 and 105 of fl-globin. Thus, the larger intervening
sequences interrupt the a and both fl-globin genes at the same
relative position in each gene. Furthermore, the nucleotide
sequence immediately preceding the 5' border of the larger
inrvening sequence (IVS2, Fig. 4) is closely preserved between
a--and j8-globin genes (85% identity), whereas the more distal
pOtin of the coding sequence and the intervening sequence
have diverged considerably (49% and 29% identity, respec-
tively) between the two genes.

FIG. 2. Hybrids formed be-
tween the a-globin gene and globin
mRNA. The figure illustrates R-
loops formed between the 9.7-kb
EcoRI fragment isolated from Xgt
WES-Mal and globin mRNA. The
arrows indicate double-stranded
DNA structures in the R-loop that
do not anneal to mRNA (inter-
vening sequences). The Inset is a
magnification of the R-loop. The
line drawing is a diagram in which
the heavy line represents double-
stranded DNA or DNA-RNA and
the thin line, single-stranded
DNA. The dotted line represents
annealed mRNA. Thirty-one
molecules were measured and the
results of these measurements are
summarized in Fig. 3 and the
text.

Possible Evolutionary Significance: Predictive Value of
the Conserved Interruption. The fact that both mouse and
rabbit i-globin genes are interrupted by intervening sequences
that occur at the same relative positions (A. Efstratiadis, T.
Maniatis, and E. Lacy, personal communication; ref. 37)
suggests that these intervening sequences existed from the time
that rabbit and mouse began to diverge as separate species
approximately 70 million years ago (36). Furthermore, the
occurrence of intervening sequences at the same site in the
a-globin and f8-globin genes suggests that the evolutionary
antiquity of these sequences extends back approximately 500
million years to a point in early vertebrate evolution at which
the globin gene is thought to have undergone its first duplication,

Genetics: Leder et al.
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... GACCTGCCC GGTGCC TTGTCTGCTCTGAGCGACCTGCATGCCCACAAGCTGCGTGTGGATCCCGTCAACTTCAAG GTATGCGCTGGGACTGGCAGGCGG...

AspLeuPro GlyAla LeuSerAlaLeuSerAspLeuHisAlaHisLysLeuArgValAspProValAsnPheLys INTERVENING SEQUENCE
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FIG. 3. Diagrammatic representation of the map of the cloned EcoRI fragment containing the a gene compared to the cloned EcoRI fragment

containing the Omaj gene. The a and ,B genes are identified in the figure. The filled portions represent sequences present in mature globin mRNA.
The open regions (IVS) represent intervening sequences. The dotted region is the shared homologous segment present on both a and #Maj genes.
The arrow indicates the position of a BamHI site at codon 94 in a-globin and 99 in j3-globin. The sequence surrounding this region is indicated.
The scale and 5' - 3' orientation are also indicated.

(36). The preservation of intervening sequences at this site in
globin genes over such a long period of evolutionary time
supports the view that these sequences serve some critical
function or functions in the expression of these genes.

Table 1. Homologies and predicted homologies between spliced
regions of mouse a- and f3-globin genes

Globin IVS Sequence

a 2 .. .C AAG (CTX CTX A.
Lys Leu Leu
99 100

fi 2 ...C AGG CTC CTG G...
Arg Leu Leu
104 105

31 32
a 1 (..9 AGG ATG TT G...)*

Arg Met Phe

fi 1 30 31
Arg Leu Leu

.C AGG CTG CTG G...

)*, Predicted; IVS, intervening sequence.

The occurrence of the larger intervening sequences at
analogous sites in both a- and f3-globin genes suggests that we
might be able to predict, by comparison to the f,-globin gene,
the site in the a-globin gene that is interrupted by the smaller
intervening sequence. The smaller intervening sequence in-
terrupts the ,B-globin gene after an Arg codon at position 30. The
analogous position in the a-globin gene is an Arg codon at po-

sition 31, followed by Met and Phe codons. Because this site fits
well with the measured distance between the orientation of the
two a-globin intervening sequences, one might expect the
smaller a-globin intervening sequence to interrupt the gene at
this point. The comparative a- and ,B-globin sequences and the
predicted sites are summarized in Table 1 and their compara-
tive maps are indicated in Fig. 3. Obviously this prediction will
be tested by further sequence determination, as will the cor-
ollary prediction that all vertebrate globins will be interrupted
by two intervening sequences that occur in analogous positions
in a- and f-globin genes.
A Small Common Sequence Occurring Close to a- and ,B-

Globinmaj Genes. We have already referred to the fact that a-
and ,B-globin genes, although residing on different chromo-
somes, are coordinately expressed. Understanding the molecular
basis of the trans regulation of these genes constitutes one of
the most interesting problems presented by the globin system.
A possible mechanism governing the trans regulation of these
genes might depend upon the recognition of primary sequences
common to both. Substantial stretches of homology (>25 bps)
of potential interest between these genes can be detected by in
situ hybridization or the visualization of heteroduplex mole-
cules formed between cloned DNA fragments containing the
a- and f3-globin genes. By using these techniques, we have
searched for homology between the cloned fragment containing
the a-globin gene and the 7-kb or 14-kb fragment that contains,
respectively, the 1l3maj or ornin gene. When a and flmaj segments
were compared both by in situ hybridization (not shown) and
heteroduplex analysis, a 165 ± 39-bp (SD) segment of homology
could be identified (Fig. 5) approximately 1.5-2 kb from the
3' end of both coding sequences (see map, Fig. 3). No extensive
homology was found between the fragments that contained the
a and the 13min genes. The significance of this homology be-
tween a and i3maj segments, if any, remains to be determined.
It may constitute one of the moderately (or highly) reiterated

a715 99
AspLeuProGlyAl aLeuSerAlaLeuSerAspLeuHisAlaHisLysLeuArgValAsPProValAsnPheLys ct IVS2
GACCTGCCCGGTGCCT.TGTCTGCTCTGAGCGACCTGCATGCCCACAAGCTGCGTGTGGATCCCGTCAACTTCAAG GTATGCGCTGGGACTGGCAGGCGG,.,

III 11 1111 11 11 11 11IIIi1i1i111iIt11tI1 tI It1 I 11 I 11
AGCCTCAAGGGCACCTTTGCCAGCCTCAGTGAGCTCCACTGTGACAAGCTGCATGTGGATCCTGAGAACTTCAGG GTGAGTCTGATGGGCACCTCCTGG...
SerLeuLysElyThrPheAlaSerLeuSerGluLeuHisCySASpLysLeuHisValAspProGluAsnPheArg IVS2

(80 104
FIG. 4. Alignment of the coding and intervening sequences of the a- and flmaj globin genes. The a- and f3-globin amino acid nucleotide sequences

are identified in the figure. The a sequences are as indicated in Fig. 3. The 13maj sequence was determined by Konkel et al. (34). The amino acid
sequences were determined by Popp (38) and Popp and Bailiff (39) for a and frmaj, respectively. Perpendicular lines indicate identical nucleotides.
Underscored amino acids represent identical amino acids. IVS2 refers to the second (numbering 5' to 3'), larger intervening sequence of each
indicated gene.

11 =I*= II I

6190 Genetics: Leder et al.

f
I



Proc. Natl. Acad. Sci. USA 75 (1978) 6191

..

b)v

FIG. 5. Heteroduplex structure formed between X phage hybrids containing mouse a- and fl-globin genomic segments. Heteroduplex structures
were formed between XgtWES-Mal and XgtWES-ftG2 (a and (im'i) as indicated in Materials and Methods. Twenty-five heteroduplex molecules
were visualized and measured. The only region of double-stranded DNA (homology) is indicated by the arrows in the electron micrograph and
the line drawing. Homologous structures were seen only when fragments were aligned in the same 5' - 3' orientation with respect to their coding
sequences. Twenty-one molecules were measured. The length of the homologous sequence is 165 + 39 (+SD) bp and is located relative to the
coding sequences of both genes as indicated in Fig. 3.

sequences identified in the studies of Davidson and Britten (40)
and may be present in many segments of the genome. On the
other hand, such a sequence might be restricted to a smaller set
of genes, say those involved in the process of erythrodifferen-
tiation. Both alternatives are interesting and both can be tested.
The proximity of such shared sequences to genes of known
function make them an especially useful substrate for eluci-
dating the role that reiterated sequences might play in gene
expression.

Note Added in Proof. We have recently located the site of the small
intervening sequence in the a-globin gene by direct sequence deter-
mination (Y. Nishioka and P. Leder, unpublished results). It is as pre-
dicted in Table 1, strengthening the notion that all adult vertebrate
globin genes, a and if, will be interrupted by two intervening sequences
at analogous positions.
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