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ABSTRACT Red cells of the clam Barbatia reeveana ex-
press two hemoglobins, one composed of 16- to 17-kDa chains
and the other of 35-kDa chains. The nucleotide sequence of the
¢DNA encoding the 35-kDa chain shows that the polypeptide
has two very similar heme-binding domains, which are joined
without use of an additional bridging sequence. Two novel
introns occur in the gene for the two-domain globin: one, the
‘‘precoding’’ intron, is located two bases 5’ from the start
codon, and the other, a ‘‘bridge’’ intron, separates the DNA
sequences encoding the two domains. Close correspondence
exists between the 3’ end of the precoding intron and the 3’ end
of the bridge intron and between parts of the 3' noncoding
region of the cDNA for the two-domain globin and the 5’ end
of the bridge intron. These observations indicate that the bridge
intron arose by unequal crossing-over between two identical or
very similar genes for a single-domain globin. This conclusion,
together with the proposal that exons were initially independent
““minigenes’’ [Gilbert, W. (1987) Cold Spring Harbor Symp.
Quant. Biol. 52, 901-905], suggests that many introns may have
evolved from the 5’ noncoding region of one gene and/or the
3’ noncoding region of a second gene. This hypothesis implies
that splice junctions would be associated with the original NH,
and COOH termini of proteins and provides an explanation for
the observation that splice junctions usually map to protein
surfaces. They do so because most NH,- and COOH-terminal
residues are usually located on or near the surfaces of proteins.

Exons often but not always correspond to functional or
structural units of multidomain proteins (1-3) such as alcohol
dehydrogenase, serum albumin, a-fetoprotein, and the im-
munoglobulins (4-7). The finding that homologous exons
occur frequently in proteins of different function suggests
that exon shuffling may be responsible for the formation of
many proteins. A statistical analysis of shuffling (8) suggests
that as few as 1000-7000 primordial exons may have been
sufficient for the construction of all proteins. Although the
genes for vertebrate globins have three exons separated by
two introns (9), the introns do not mark the boundaries of
clearly defined structural domains. They do, however, cor-
respond to smaller, compact ‘‘modules’’ on the basis of
a-carbon distance analysis (10). The central exon encodes a
module that binds heme tightly and specifically but does not
bind oxygen reversibly (11-13). A heme-binding peptide
fragment (residues 32-139) of horse heart myoglobin encoded
by the central exon and part of the third exon but totally
lacking the first exon has been shown to bind both oxygen and
carbon monoxide with rate constants similar to those in the
native myoglobin (14). The positions of the splice junctions
for the two introns in genes for vertebrate globins have
evidently been highly conserved, since they occur in identical
locations in the genes for an annelid globin (15, 16) and for
mammalian myoglobins (17, 18). A third intron found in the
genes for plant globins (19-21) is predicted to have existed in
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the ancestral globin gene and to have been lost early in animal
evolution (10). The third intron separates two exons that
correspond to Go’s ‘‘modules’’ (10) and encode the E and F
helices on each side of the heme of plant hemoglobins.
Perhaps the two exons are derived from ‘‘minigenes’’ as
suggested for early exon evolution by Gilbert (2). Loss of all
introns has occurred in the globin genes of the insect Chi-
ronomus, possibly by integration into the genome of cDNA
generated by reverse transcriptase (22).

Hemoglobins with multiple heme-binding domains in single
chains are widespread in molluscs and arthropods (23, 24).
Red cells of the clam Barbatia reeveana have hemoglobins
with two-domain chains and others composed of single-
domain chains (25, 26). The cDNA-derived amino acid se-
quence of 308 residues of the two-domain globin (27, 28)
shows that two very similar domains (78% identical) are
connected by two lysine residues (Fig. 1). This similarity
indicates tandem gene duplication followed by fusion of the
duplicated genes to form the gene for the two-domain globin.
The cDNA-derived amino acid sequences of two single-
domain globins (27) show that they are only distantly related
to the two-domain globin. Since introns often separate DNA
sequences encoding protein domains, we have investigated
the structure of the gene encoding the two-domain globin by
the PCR to determine whether an intron is present in the
bridge region.t

MATERIALS AND METHODS

Preparation and Cloning of Genomic DNA. Frozen
(—195°C) packed red cells from several clams (B. reeveana)
were pulverized in liquid nitrogen and then added to 10 mM
Tris, pH 7.4/100 mM EDTA/0.5% SDS containing protein-
ase K (100 pug/ml) and RNase A (100 ug/ml) and shaken
gently overnight at 37°C. The material was extracted twice
with phenol/chloroform/isoamyl alcohol (25:24:1, vol/vol)
and once with chloroform/isoamyl alcohol (24:1, vol/vol)
and then dialyzed against 10 mM Tris solutions (pH 7.4)
containing successively 10, 5, and 1 mM EDTA. The result-
ing DNA, concentrated by dialyses against polyethylene
glycol (M, =8000), was further purified on a 10-40% sucrose
gradient. The gradient fractions containing genomic DNA
were pooled, washed, and concentrated (Centricon 30, Am-
icon) several times with 10 mM Tris, pH 7.4/1 mM EDTA
(T1oE;). The genomic DNA was partially digested with Mbo
I and size-fractionated by a sucrose density gradient (ref. 29,
pp. 9.24-9.28). The DNA fragments [9-23 kilobases (kb)]
were dephosphorylated with calf intestinal phosphatase and
inserted into the BamHI site of A DASH II (Stratagene). Half
of a representative genomic library (=3 x 10° clones) was
screened with cDNA for the two-domain globin (28).

PCR Amplification and Sequencing. Oligomers 2 and 4 (Fig.
1), corresponding to the nucleotide sequence of the cDNA on

*To whom reprint requests should be addressed.
TThe sequences reported in this paper have been deposited in the
GenBank data base (accession nos. M73327 and M73328).



Biochemistry: Naito et al.

Proc. Natl. Acad. Sci. USA 88 (1991) 6673

X 1 —
C TGC TCC CTC [CGC TCC TGA ATT AAC CTT GJr AAA TAC CCT GTG TTA ACC  -22
AGA AAA GCA GAA TCT GCT ACA ATG AGT GTC TCA GCC AAA CTT GAC GAA 27
D1 M S V S A K L D E
D2 K G v L E T I E E
. AAG GGT GTC CTT GAA ACA ATT GAA GAA 489
GTT ACA CAA CCT GCT AAC AAG AAC CTC ATC AGA TCG ACT TGG AAT ATG 75
D1 Vv T Q P A N K N L I R S T W N M
D2 v T K P A N K G L I R E T W N _ M
GTC ACA AAA CCA GCC AAC AAG GGC CTC ATC AGA [GAG ACT TGG AAT ATG . 537
D v 2
ATG GTG GGG GAT CGA GGT AAC GGT GTG GAG TTA ATG GGT TTA TTG TTT 123
D1 M V G D R G N G V E L M G L L F
D2 .I_ A G D R K N G V E L M A L L F
"ATT GCG] GGC GAT CGC AAA AAC GGT GTT GAG CTA ATG GCT TT*G TTG TTT 585
CAA AGG GCA CCA GAT AGT AAA ATC GAT TTC AAA CGT TTG GGA GAT GTA 171
D1 Q R A P D S K I D F K R L G D v
D2 E M A P D S K K D F R R L G D v
GAA ATG GCA CCA GAC AGT AAG AAA GAC TTC AGA CGT TTG GGG GAT GTG 633
. TCT GCT GAA AAT ATA CCG TAC AAC AGA AAA CTG AAC GGT CAT GGT ATA 219
D1 S A E N I P Y N R K L N G H G I
D2 S P S N I P N N R K L N G H G I
TCT CCT TCA AAT ATC CCC AAC AAC AGG AAG CTG AAC GGT CAT GGT ATA 681
-« 3
ACR CTG TGG TAC GCA CTC ATG ART TTC GTT GAT CAA CTC GAC AGC AAA 267
D1 T L W Y A L F v D Q L D S K
D2 T L W Y A L M N F v D Q L D N K
ACA CTG TGG TAC GCA CTC ATG AAT TTC GTT GAT CAA CTC GAC AAC AAG 729
AAG GAT TTG GAA GAT GTT TGT CGC AAA TTT GCA GTA AAC CAC GTG ATA 315
D1 K D L E D v C R K F A v N H v I
D2 I D L E D v (o} R K F A v N H v N
ATC GAT TTG GAA GAT GTC TGC CGC AAA TTT GCA GTA AAC CAC GTG AAT 777
AGA GGC GTT TTG GAC GTT AAA TTT GGT‘TGG ATC AAA GAA CCA ATG GCa 363
D1 R 6 V L D V K F G W I K E P M A
D2 R G v L D v K F A W I K E P L A
AGA GGC GTT CTA GAC GTT AAA TTT GCT ’TGG ATC AAG GAA CCT TTA GCC 825
4 —_—
GAA CTC CTT AGA CGG AAA TGT GGG AAC GAC TGC GAT GAC GCT ATC| 408
D1 E L L R R K C G N D C - D D A I
D2 E L L R R K o G Q T (o4 T D Q H I
GAA CTG CTT AGA AGG AAA TGT GGA CAG ACA TGC ACT GAT CAG CAT ATC 873
CAG GCA TGG TGG AAA CTG ATT GAC GTT ATC TGT GCT GTT CTT AAA GAA 456
Dl Q A W W K L I D \'4 I C A v L K E
D2 Q A W W K L I D v v C A v L E E
CAG GCA TGG TGG AAA CTC ATT GAT GTT GTT TGT GCT GTT CTC GAA GAA 921
TCA AAA . . . 462
D1 S K
D2 K K -
AAG AAG TAA TTT TGA AAG TTT CAT CTG AAT CAA AGA GTA GAA AAA TAA 969
CTT TCA GCA ATT TCG AAA CTA ACA CTT CTG CCG TGT TAC AAA TGT TTC 1017
TTT TAA CTT TTG CTT GCT TCT TAA TTT TCT GTA ATT GAA TAA ACT TGC 1065
1]
AGC ATT T 1072

Fi16. 1. Comparison of the cDNA sequence and derived amino acid sequence (single-letter symbols) for the two domains (D1 and D2) of
the 35-kDa clam globin (27, 28). Vertical arrows show the expected positions of conserved splice junctions (9). The boxed sequences mark the
oligomers (or their complements) used as primers in the polymerase chain reaction (PCR) in the direction indicated. The last lysine of domain
1and the first lysine of domain 2 constitute the *‘bridge.’” Oligonucleotides 2 and 4 were used as primers for the bridge region and oligonucleotides
1 and 3 were used to amplify the genomic DNA that included the intron upstream from the start codon.

each side of the bridge region, were used as primers in the
PCR to amplify the region of the gene corresponding to the
bridge. Oligomers 1 and 3 (Fig. 1), based on the cDNA of the
5’ noncoding region and the region corresponding to the
second exon, were used to amplify the region that should
contain the first intron of the first domain. Genomic DNA and
DNA from three genomic clones that hybridized with the
cDNA for the two-domain globin were used as templates for
amplification. The PCR was carried out with minor modifi-
cations as described (30). Reaction mixtures for amplification

contained 1.0 ug of genomic DNA or 5 ng of cloned genomic
DNA, 50 pmol of each primer, and 2.5 units of Taq poly-
merase (Perkin-Elmer/Cetus). Final concentrations were 20
mM Tris (pH 8.4), 50 mM KCl, 2.5 mM MgCl,, 0.2 mM each
dNTP, and 10 ug of nuclease-free bovine serum albumin in a
total volume of 100 ul. Samples were denatured for 10 min at
95°C prior to enzyme addition. The DNA was amplified for
30 cycles each consisting of 2.0 min at 94°C for denaturation,
1.5 min at 55°C for primer annealing, and primer extension
times at 72°C of 5, 7, and 10 min for cycles 1-10, 11-20, and
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21-30, respectively. The samples were then extracted twice
with chloroform saturated with 10 mM Tris, pH 7.4/1 mM
EDTA, and 10-ul aliquots were subjected to electrophoresis
in a 1% agarose gel in a Tris/acetate/EDTA buffer system.
The DNA was transferred to a Hybond-N (Amersham) nylon
membrane and hybridized to a labeled 860-base-pair (bp)
cDNA fragment of the two-domain globin.

The PCR fragments that hybridized to the cDNA for the
two-domain globin were isolated as described (ref. 29, pp.
6.24-6.27), reamplified, and inserted into the pUC18 vector.
These fragments were sequenced by dideoxy chain termina-
tion with Sequenase 2.0 (United States Biochemical) and
[a-[*3S]thic]dATP (New England Nuclear).

RESULTS AND DISCUSSION

The genomic DNA encoding the bridge between the two
domains of Barbatia globin was amplified by PCR with
oligomers 2 and 4 (Fig. 1) to yield four clones with unique
inserts. The sequences of the inserts (508-510 bp) show (Fig.
2a) that they contain an intron of 354-356 bp that is located

a 20
5| * * *
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within the codon for the first of the two lysines of the bridge
(bases 460-462 in Fig. 1). Amplification of the cloned ge-
nomic DNA with oligomers 1 and 3 (Fig. 1) produced a 4.9-kb
fragment that contained a ‘‘precoding’ intron of about 3100
bp, located two bases upstream from the start codon (Fig.
2b), all of exon 1, and intron 1 (=1500 bp), which is located
between exons 1 and 2. The splice junction positions of intfon
1 (data not shown) are precisely the same as found in the
genes for vertebrate globins (9) and myoglobins (17, 18) and
an annelid globm (15, 16). One possible branchpoint sequence
(TTGAA) is located 54 bp upstream from the 3’ splice
junction of the precoding intron and 64 bp upstream from the
3’ junction of the bridge intron. Other possible branch point
sequences for the bridge intron shown in Fig. 2a include the
consensus sequence CTAAT of Drosophila; the other se-
quences are similar to some of those in rats and mice (31). All
occur further upstream from the 3’ splice junction of the
bridge intron than the 30- to 50-nucleotide distance typically
found. No precoding intron is present in the genes for
vertebrate globins.
40 60
* *

*

CGACTGCGATGACGCTATCCAGGCATGGTGGAAACTGAT TGACGTTATCTGTGCTGTTCTTAAAGAA
D CDDATIQAWWI KT LTIU DU VI CA AVTILTIKTE

*l 20 *

100 120
*

* * *

TCAAAgtaattttaaaagttttaatcttaatcaaaggaaatgattagaa1®1@aaattattaagca
S K

140 160
* *

*

180

* * *

atttaataattcatactctgtcagacccctttcaatcagatacatﬁatattctaaacaaccatt

200 220
*

240 260
*

*
&tgtttctgaccttﬁcctctttggatatgtaacaggataaaacacattctgcatgtctaa;ta

280

300 320
*

* * * * * *
@aza:aacttttaagﬁtgattﬁ&aaatatgtl}tggaactgacaccttattttttgaaaatc

340 360
*

380

*

gc% cgtctt tgagcagtattgtttcttgttgaaatgtaacaattatatcaataﬂ&ttgta

400 430 l .

* *

440 460
* * *

tﬂtgtattt ctttgttataattttcagAAAGGGTGTCCTTGAAACAATTGAAGAAGTCACAAAA
K

480

* * *

G VL ETTIETEV T K
500
*

3

CCAGCCAACAAGGGCCTCATCAGAGAGACTTGGAATATGATTGCG
P A NKGULTI RETWNMMTIA

51

CCC TCC TGA ATT AAC CTT GCT Eﬂ\ TAC CCT GTG TTA ACC AGA AAA GCA

(5'non-coding region of cDNA)

GAA TCT GC@ ACg_taagtaaaagat:atttttagatattctttttctttttttaaacactgc

ctttatttagaagttaaaggtgtt . . .

. . . . tttccagataggttgtgaatttga

cagagagtatgcaacgtctgttattgaaatgtaatcatgatatcattatatgtcgtatttctt

gttgtaatttacagA ATG AGT GTC TCA GCC AAA CTT GAC GAA GTT ACA CIE .e

M S v

FiG. 2.

3'

A K L D E v T Q
(P)

(a) Nucleotide sequence of the PCR product (508 bases) that contains an intron that separates the DNA encoding the first and second

domains of the globin from B. reeveana. Arrows mark the splice junctions. Boxed nucleotides show the heterogeneity found in the four clones.
The observed heterogenelty could result either from polymorphism or from misincorporations in the amplification. No differences between the
cDNA and genomic DNA occur in the coding region. The dashed box marks the polyadenylylation signal, and possnble branchpoints are
underlined. An insertion of two bases was found in one clone at position 334-335. (b) Nucleotide sequence of the 5’ and 3' regions of the precoding
intron (=3100 bp). The splice junctions are underlined. Boxed nucleotides indicate sequence differences between the cDNA (Fig. 1) and the
4.9-kb PCR product. One difference would result in an amino acid change from that derived from the cDNA, GIn — Pro.
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a 5
AATTTTGAAAGTTTCA TCTGAATCAAA

IIIIIII [LIELE IIIIIIII

BRIDGE

b

ARJS

5' 3!
GTAATTG_AATAAACTTGC. CA

TCTG P A G
[T 11

BRIDGE TGTCTAATTAAAATAAACTTTTAAGTA

C 5
110C-T

BRIDGE

FiG. 3.

TAATTTTAAAAGTTTTAATCTTAATCAAAGGAAATGAT

CAACGTCTGTTATTGAAATGTAATCATGATATCATTA

AN

TATTGTTTCTTGTTGAAATGTAACAATTATATCAATAAGTCGTTGTATGTCTGTATTTCTTTGTTATAATTTTCAG
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3 '
CTT _ TCAGCAATTT

AGTAGARAAATAACTT
[ LT T || [T

TAGAAAAAAAAATTATTAAGCAATTT

TATGTC_GTATTTCTT GTTGTAATTTACAG

COLCLU L LLLLL L TTE LEEEL 1]

(a) Comparison of the first 54 bases of the 3’ noncoding region starting with the stop codon for the cDNA for the two-domain globin

with the first 64 bases following the 5’ splice junction of the bridge intron (positions 74-137 in Fig. 2a). (b) Comparison of the sequence adjacent
to the polyadenylylation signal of the cDNA for the two-domain globin (124 bp downstream from stop codon, positions 256-282 in Fig. 2a) with
that found in the bridge intron of the two-domain globin gene (190 bp downstream from the stop codon). (¢) Comparison of the last 76 bases
at the 3’ end of the bridge intron (positions 351-426 in Fig. 2a) with the 3’ end of the precoding intron. The alignment assumes the presence
of three gaps. The calculation assumed a penalty of one mismatch for each base in the gaps. ARJS, two-domain globin cDNA sequence; BRIDGE,
intron between domains in the two-domain globin gene; 110C-T, intron in the 5’ noncoding region of the cDNA (precoding intron).

A stretch of 64 nucleotides at the 5’ end of the bridge intron
closely resembles the sequence in the 3’ noncoding region
which immediately follows the termination codon of the
cDNA for the two-domain globin (Fig. 3a). The intron also
includes a characteristic polyadenylylation signal (Figs. 1 and
3b) whose flanking regions are also very similar to cDNA
sequences encoding globin chains (intron bases 256-282 in
Fig. 2a). These observations strongly support the conclusion
that the 5’ part of the bridge intron is derived from the 3’
noncoding region of the gene for an ancestral single-domain
chain. Furthermore, a stretch of 76 bp at the 3’ end of the
bridge intron is 74% identical to the 3’ end of the precoding
intron. We conclude that the 3’ part of the bridge intron is
derived from the corresponding 3’ part of the precoding
intron of the gene for the ancestral single-domain globin. The
comparison shows that the 5’ splice junction is derived from
a stop codon. An unequal crossing-over event (Fig. 4) would
explain these results. A striking feature of this arrangement
is that both the 5’ and 3’ splice junction and branchpoint
sequences are already present in the parent sequences so that
only a few mutations might be necessary to generate an

intron. We suppose that the DNA corresponding to the first
domain would continue initially to be transcribed into RNA
for a single-domain globin. Two possible outcomes are ap-
parent. If an intron forms, then a two-domain globin can be
expressed, but if an intron fails to evolve, the gene for the
second domain would become a pseudogene. The nucleotide
sequence of the cDNA indicates that a single base change of
the initial methionine codon (ATG — AAG) would have given
the first lysine residue of the second domain. The methionine
residue starting the second domain has been retained in the
globin of a related species, Barbatia lima (32). The corre-
spondence of the bridge intron to parts of the 3’ noncoding
region of the cDNA including a polyadenylylation signal
suggests that it might also function as the 3’ end of an mRNA
for the first domain by itself. Such alternative splicing with an
additional polyadenylylation signal has been observed in
diverse systems (33) and forms the basis of sex determination
in Drosophila (34). We have attempted to detect such a
single-domain message by Northern blot analysis. A 25-
nucleotide oligomer was constructed complementary to the
sequence of the mRNA 41-65 nucleotides upstream from the

Gene 1
s Crossover
non-coding exon 1 exon3
5'...AACgt..... agAATG..... TCAAAGtaa..... aataaa....}p...3"
| | | exon 1" Gene 2
: : : 5'...AACGt....}...aQAATG. . v ..... 3!
" 1
| pre-coding 1 ]
| intron 1 1
1 | 1 1
| 1 1 |
I lexon 1 exon 31 | exon1
| | | [
5 AACgt..... agAATG..... TCAAAgtaa..... aataaa....}...agAATG...3'
AAG
5 intron 1 intron 2 3
non-|codmg exon 1 v exon 2 v exon 3 W W non—<l>od|ng
¥ 1
First Domain Second Domain

FiG. 4. Proposed origin of the gene for the two-domain globin of B.

crossover point is 3’ to the polyadenylylation signal of gene 1 (top line)

reeveana by unequal crossing-over between two genes (1 and 2). The
and S’ to the start codon of gene 2 (middle line) and would be between

positions 283 and 350 in Fig. 1. Thus the 5’ end of the bridge intron is derived from the 3’ noncoding region of gene 1 and the 3’ end of the bridge
intron is derived from the 3’ end of the precoding intron of gene 2. The intron/exon organization of the DNA encoding the second domain has

not been determined.
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ATG start codon. Hybridization of the poly(A)* RNA from
Barbatia red cells with this oligomer gave a strong signal
corresponding to the two-domain message but none for any
single-domain message. We conclude that no significant
alternative splicing takes place.

Gilbert (1, 2) and others (e.g., ref. 3) have proposed that
genes originated by joining initially independent exons (mini-
genes). We suggest that this implies that introns were formed
from the 3’ noncoding region of one gene and/or the 5’
noncoding region of a second gene. The bridge intron of the
two-domain clam globin is clearly derived from both the 5’
and 3’ noncoding regions. If introns formed in this way, the
5’ splice junction would have been derived from the termi-
nation codon and the 3’ junction would have arisen at or near
the start codon. This conclusion provides an explanation for
the finding that intron/exon splice junctions usually map to
protein surfaces (35, 36): they do so because the original NH,-
and COOH-terminal residues are usually located on the
surfaces of proteins. The NH,-terminal isoleucine of trypsin
forms an ion pair with an aspartic residue in a cleft (37) and
so might be considered to be buried. However, the NH,
terminus of the proenzyme trypsinogen is not buried (37) and
is associated with a splice junction (38). The surface position
of many NH, termini is further indicated by the finding that
the half-lives of many intracellular proteins are dependent on
specific and apparently universal recognition of the NH,-
terminal residue by the ubiquitin-dependent degradation sys-
tem (39).

We suggest that the correlation of splice junction with
protein surface may represent only a vestige of the past with
no present functional significance. Although splice junctions
and signals within introns have been predicted to have
evolved from stop codons as a mechanism for avoiding them
(40), we suggest that the association between stop codons and
splice junctions may be intrinsic to the origin of introns.
These conclusions imply that intron formation may occur
more frequently than previously thought and may often
accompany the process of fusion of genes in eukaryotes.
Time would gradually erase the evidence for this source of
introns as mutations accumulate. Gilbert (2) has suggested
that intron loss has been a major factor in the evolutionary
history of exons. Although the frequency of intron formation
cannot now be assessed, we suggest that it is at least as
frequent as the correlation between splice junctions and
surface residue positions. Examples of this correlation are
widespread and include the serine proteases and dihydrofo-
late reductases (36), alcohol dehydrogenase (4), and glycogen
phosphorylase (41). ’
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