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We have determined the complete nucleotide se-
quence of two early embryonic 8-globin genes of the
BALB/c mouse: Sh0 and ghl. 8hl codes for the embry-
onic z protein, while the Sh0 gene may be a minor early
embryonic g-globin gene. The general sequence orga-
nization of both genes is entirely analogous to other
functional globin genes. There is, however, a 220-base
pair insertion of unique sequence within the first in-
tron of Sh0. ShO and Sh1 are 96% homologous for 260
base pairs 5’ to the AUG initiation codon, and 93%
homologous throughout their coding regions. Analysis
of the 5’-flanking sequence demonstrates that these
genes are more nonadult-like than adult-like. The se-
quences show evidence for gene conversions among the
mouse nonadult §-globin genes that were limited to
individual exons, presumably by the presence of non-
homologous introns. We propose that this arrangement
has the beneficial evolutionary effect of allowing gene
conversion to act independently on regions of the pro-
tein with different structural or functional responsi-
bilities. ShO and Sh1 are evolutionary homologs to the
human fetal and rabbit 83 genes, while their manner
of expression is similar to rabbit 43 and dissimilar to
human fetal expression. The evolutionary history of
the human S-globin genes, therefore, includes the re-
cruitment of an embryonic gene to fetal developmental
control.

The analysis of globin genes by DNA sequencing provides
insight into both gene regulation and the molecular mecha-
nisms of gene evolution. The mammalian hemoglobin is a
tetramer composed of four subunits; two «-like, and two 8-
like protein chains. As the organism develops, it produces
three types of hemoglobin sequentially; embryonic, fetal, and
adult. In some animals, the fetal and adult forms of hemoglo-
bin have the same composition, whereas in others there is a
distinctive fetal 5-globin. The switch in hemoglobin produc-
tion as development progresses is a reflection of regulatory
control at the DNA level. DNA sequencing of the globin genes
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has provided a data base from which deductions about the
nature of control sites can be made. Furthermore, the com-
parison of globin sequences among developmental classes and
different species demonstrates the highly dynamic nature of
globin gene evolution.

Hardison (1983, 1984) has recently characterized the orga-
nization of the nonadult portions of the rabbit and human
clusters as descendants from a common two-gene ancestor.
The sequenced nonadult genes of the goat are consistent with
that analysis (Shapiro et al., 1983). We will show in this paper
that the organization of the nonadult 8-globin genes of the
mouse is consistent with the same two-gene ancestral arrange-
ment. There are two nonadult 3-globin genes in the rabbit,
B4 and 83 (Hardison, 1981), and three in human, ¢, *y, and
Gy (Efstratiadis et al., 1980). The left or 5’ -most of the
ancestral genes gave rise to human ¢ and rabbit $4. We will
refer to this ancestral unit as proto-¢ and to its descendants
as belonging to the ¢ family. Both human and rabbit members
of the ¢ family are termed embryonic genes because they are
expressed in yolk sac-derived erythrocytes. In mammals, em-
bryonic erythrocytes are nucleated and do not have the char-
acteristic biconcave disc morphology of enucleated adult and
fetal erythrocytes (Kitchen and Brett, 1974).

We will refer to the ancestral unit that was 3’ of the proto-
¢ as proto-y. Rabbit 83 and both human v genes have de-
scended from the proto-y (Hardison, 1981). Rabbit 83 is also
an embryonic gene, but the human v genes are fetal ones.
That is, they are expressed during fetal development, from
fetal liver, in enucleated erythrocytes with adult-like mor-
phology. When we say in this paper that a gene is v-like, we
mean that it has descended from the proto-vy, not that it
necessarily is a fetal gene.

The B-globin gene family in the BALB/c mouse is typical
of other vertebrate §-globin families in that it consists of both
nonadult and adult genes. The locus is composed of a 65-kb*
region containing 7 3-like structures in the same transcrip-
tional orientation. The arrangement is 5’-y-gh0-8h1-8h2-
Bh3-814m4.52dmin_3 (Jahn et al., 1980; Leder et al., 1980).
Three of these 8-like structures have been assigned to previ-
ously described $-globin protein chains. The two most 3’
structures, 819%r and g2dminr code for adult 8-globin chains
that differ from one another by nine amino acids (Konkel et
al., 1979). The 5’-most gene, the y gene, codes for the late
appearing embryonic y protein. The remaining four g-like
structures were designated 3 homologous because they hy-
bridized to an adult S-globin ¢cDNA probe (Rougeon and

! The abbreviations used are: kb, kilobases; IVS, intervening se-
quence; bp, base pairs.
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TABLE I
Dinucleotide frequencies in Sh0 and 8hl
2nd nucleotide
1st
nucleotide Bho Ah1
A C G T A C G T

A 187 105 162 141 175 93 147 138
C 144 109 9 189 132 82 8 130
G 148 87 130 113 153 75 141 94
T 116 130 176 208 92 103 167 195

Mach, 1977), but the protein chains do not match any previ-
ously characterized globins. Subsequent sequence data have
shown that both $h2% and Sh3® (Jahn et al., 1980) are pseu-
dogenes.

Studies from our lab* (Brown et al., 1982) have shown that
the S8hO and Bhl genes are transcribed both in vitro and in
vivo. Recently, Farace et al.* have shown that ghl is tran-
scribed early in embryogenesis and proposed that it was the
gene for the z protein. They also suggested that Sh0 may be a
minor embryonic -globin gene. The sequence data that we
present here demonstrate that ShO and Shl are highly ho-
mologous, and possess the canonical structure as well as
putative control sites characteristic of functional S-globin
genes. In this paper, we will discuss sequence features of these
two genes, how these features relate to control and function,
and their evolutionary significance.

EXPERIMENTAL PROCEDURES

The procedure used to construct plasmid subclones has been de-
scribed elsewhere.? Plasmid DNA was prepared by the sodium dodecyl
sulfate lysis procedure (Maniatis et al.,, 1982) with the use of uridine
during amplification (Norgard, 1981). Restriction endonucleases were
purchased from New England Biolabs (Beverly, MA) or Bethesda
Research Laboratories (Rockville, MD). DNA fragments were se-
quenced using the procedure of Maxam and Gilbert (1980). Fragments
were labeled with *P (New England Nuclear) at their 5’ ends with
T4 polynucleotide kinase (Bethesda Research Laboratories) following
dephosphorylation with calf alkaline phosphatase (Boehringer
Mannheim). Reaction products were analyzed on 8 or 20% polyacryl-
amide/urea gels which were 0.3 mm thick (Sanger and Coulson, 1978).

Sequence Analysis—The sequence was manipulated with several
computer programs written in this laboratory for a Z-80-based micro-
computer with a CP/M operating system. These include a sequence
editor (SED) and a display program (FIGMAKER),? a restriction site
search program (ALLSITES) (Lautenberger et al., 1980}, and dot
matrix display programs DIAGSRCH, and DIAGPLOT (White et al.,
1984). Alignments were made using the Needleman-Wunsch algo-
rithm (MATCH) implemented in conjunction with Dayhoff’s nucleic
acid sequence data base (Dayhoff et al., 1981). The molecular phylo-
genetic tree of the nonadult 8-globins as determined by the method
of maximum parsimony (Fitch, 1977) was taken from Czelusniak et
al. (1982). We found similar results when the tree was reevaluated
excluding the sections affected by gene conversion using the par-
simony algorithm of Goodman (MPN; Czelusniak et al., 1982) or
Fitch (ALLPOS) using an IBM 370 computer. Branch lengths were
calculated according to Fitch (1971).

Sequence Transferral—The sequences of Sh0 and gh1 will be made
available in computer-readable form on request. The following infor-
mation refers to the sequences appearing in Fig. 2 but with the
alignment gaps removed. It is provided to assist verification of copied
or transmitted sequence. The Bh0 sequence has 2135 bases consisting
of 595 A, 431 C, 478 G, and 631 T. The 8h1 sequence has 1926 bases
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consisting of 553 A, 353 C, 463 G, and 557 T. Table I gives the
dinucleotide frequencies for both sequences.

RESULTS

Restriction Maps and Sequencing Strategy—f(h0O and ghl
are located within the B-globin gene cluster of the [Hbb]?
haplotype of the BALB/c mouse between the embryonic y
gene on the 5’ side, and Sh2 on the 3’ side (Fig. 1A). They
are separated from each other by approximately 5.5 kb of
DNA. The sequence containing Sh0 is 1894 nucleotides in
length (Fig. 1B). This includes 220 nucleotides 5’ to the cap
site, and 123 bases beyond the poly(A) addition site. The
sequence containing ghl is 1926 nucleotides in length (Fig.
1C). This includes 305 nucleotides 5’ to the cap site, and 99
nucleotides 3’ to the poly(A) addition site.

The entire sequence of both genes was obtained using the
procedure of Maxam and Gilbert (1980). Fig. 1 presents the
sequencing strategy for both genes. A phage clone, CE19, was
the original source of DNA for both genes (Jahn et al., 1980).
Subclones of this phage, containing portions of each gene in
plasmid vectors, were used for these experiments. Plasmids
pHE100 and pHE107 were used in sequencing $h0. Plasmids
pHE111 and pHE112 were used in sequencing Shl. The
majority of the sequence of both genes was confirmed either
by sequencing both strands or by sequencing one strand
multiple times. Over 75% of Sh1 and over 50% of Sh0 were
sequenced on both strands.

Alignment, Sequence Features, and Gene Organization—
The $h0 and Shl genes possess all of the recognized control
sequences associated with eucaryotic genes transcribed by
RNA polymerase II. Furthermore, their sequence organization
is the same as the canonical 3-globin gene organization. The
alignment of the entire Sh0 and Sh1 sequence demonstrates
the high degree of homology in their 5’-flanking, 5’-untran-
slated, and coding sequences, and in IVS 1 (Fig. 2).

5’ Sequences—The 5’-flanking and untranslated sequences
of 8h0 and 8hl are striking in their similarity. For 263 bases
5’ to the initiation codon, they match in all but 16 positions.
One 8-base pair gap was introduced into the Shl sequence in
order to maximize the homology in the alignment (Fig. 2).

The putative cap sites in $h0 and Sh1 (the adenine-labeled
+1 in Fig. 2) is located by homology to other 8-globin genes.
Baralle and Brownlee (1978) recognized a consensus hexa-
nucleotide sequence present in the 5’ end of several globin
messenger RNAs they examined. This sequence, CUUPyUG,
is seven nucleotides 3’ to the methylguanine cap. Both gh0
and §h1 contain this sequence. The adenine at the putative
cap site is 52 bases upstream from the initiation codon, a
distance characteristic of other §-globin genes (Efstratiadis et
al., 1980).

Bh0 and ghl contain in their 5’-flanking region two highly
conserved sequences found in eucaryotic genes transcribed by
RNA polymerase II, the ATA or Hogness box, at position
~30, and the CCAAT box, at position —80. As is the case in
6h0 and ghl, the ATA box in eucaryotic genes is typically
located in an AT-rich region, approximately 30 bases from
the mRNA cap site (Efstratiadis et al., 1980). The CCAAT
box is further upstream at a distance 70 to 80 bases from the
capping site (Benoist et al., 1980; Efstratiadis et al., 1980).

A third region of importance for efficient transcription of
globin genes has been identified 5° to the CCAAT box by
Dierks et al. (1983), using deletion mutants of the adult rabbit
B-globin gene. An imperfect tandem repeat of 14 and 15 base
pairs containing the sequence CACCC was found to influence
transeription. In their 5’ region, h0 and Sh1 contain a similar
imperfect tandem repeat of 15 and 13 base pairs with the
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sequence CACCC present in the 3’ repeat {Fig. 2}. One major
difference is that the 3’ end of the tandem repeat in Sh0 and
Bh1 is 20 base pairs preceding the CCAAT box, while in the
rabbit §-globin gene it is only 7 base pairs upstream.

Recently, Hardison (1983) compared the 5’ end of 15 -
related globin genes and found that, in addition to the CCAAT
and ATA boxes, there exist other highly conserved sequences.
Three of these sequences are common to both the adult and
embryonic/fetal sets of genes. They are CACCC found be-
tween —119 and ~115, CACA found between —104 and —101,
and CARGRG-CCA found between —59 and —50. Similar
sequences have been discussed in relation to the embryonic
goat genes (Shapiro et al., 1983). Both fh0 and Bhl have
sequences that are homologous to these consensus sequences,
but none is located as far upstream (Fig. 2). Hardison further
observed sequence features that are common in the embry-
onic/fetal set of 8-globin genes, but are found less frequently
in the adult set and vice versa. These same features common
to the nonadult set of 8-globin genes are present in the 5’ end
of 8h0 and ghl.

In most of the adult 8-globin genes Hardison observed, the
ATA box is embedded in GGGCATAAAAG, whereas in the
fetal and embryonic set it is AAGAATAAAAG. 8h0 and ghl
both possess the latter sequence. In addition, he showed that
the distance between the ATA and CCAAT box is approxi-
mately 9 bases longer in the non-adult group. Again Sh0 and
Ghl exemplify this. Finally, the sequence CAYTATC(T or
A)CAA is conserved at —170 to —160 in the nonadult set. A
sequence matching this in 9 of 11 positions starts at position
—157 in both the Sh0 and 8h1 sequences.

Intervening Sequences—The intervening sequences of 3h0
and Sh1 interrupt their coding sequences in locations char-
acteristic of other 8-globin genes. The first intervening se-
quence splits the 30th codon between the second and third
nucleotide, while the second intervening sequence is located
between codons 104 and 105. Both 8h0 and 8hl contain the
invariant consensus sequence 5-GT ... AG-3’ at the splice

boundaries of the two introns (Breathnach et al., 1978).

Typically, within the g-globin genes that have been se-
quenced, the second intron is larger than the first. This is the
case with both 8h0 and Shl. Furthermore, the size of the
introns tends to vary, although intron one varies within a
narrower range than intron two (Efstratiadis et al., 1980).
The second intron of 8h0 and gh1 is 841 and 807 nucleotides,
respectively. This is large when compared to the second
introns of the mouse adult genes; 819"%°" is 653 nucleotides
and 324 is 628 nucleotides (Konkel et al., 1979). But the
second introns for the human v genes are roughly equivalent
to those of Sh0 and Shl in size; G, is 886 and A, is 866 (from
chromosome A in Slightom et al., 1980). The second intron of
rabbit 43 is 817 base pairs in length (Hardison et al., 1981).

Intron 1 of BhO is unusual in that its size, 336 bases, is
considerably larger than that observed in other mammalian
B-globin genes. For example, the first introns of mouse 192",
B29miner (Konkel et al., 1979), and the ghl gene are each 116
bp. Intron 1 of the human + genes are both 122 bases (Sligh-
tom et al., 1980), while intron one of the rabbit 33 gene is 124
bases in length (Hardison, 1981).

It is apparent from the alignment of the Sh0 and Sh1 genes
that $h0 contains an insertion in its small intron which is not
present in Shl (Fig. 2). The sequence flanking the insert is
90% homologous between the two genes. The boundaries of
the inserted sequence contain a 14-base pair inverted repeat
with 13 bases conserved (Fig. 2). Genomic probing with a
restriction fragment containing the insert has revealed that
it is a unique sequence in the mouse genome (data not shown).
Computer searches to locate other insert or viral sequences
with homology to this insert have been unsuccessful. We have
searched the following sequences; rat growth hormone (Barta
et al., 1981), goat B-globin gene inserts (Schon et al., 1981), a
small insertion element in IVS 2 from the human 8 gene
(Lawn et al., 1980; Hardies et al., 1983), mouse repetitive
element B1 (Krayev et al., 1980), the mouse repetitive element
LIMd, and a small insertion found within it,° and polyoma
virus (Soeda et al., 1980).

5C. F. Voliva, personal communication.
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* - 3 ' ' v . L} . - 2 5' L} . .
AGTCTGAAGTGAAAAAGGGAAGAATGTGAAAGACACCCTTGCAAATCTCCTGTTGGGGGAAGGAGC TAACCAGAAGGAAAGAAGGAAGGAAAGACGGTGA BNl

cdabdl ane

-200 0 . [ [ -159 ' . .
ACTCTGGGAAAGCTGCAGTAGA . .. cac v CAGCTCGAGGCAGGGGGCCTACTGGACACTATCTTAG‘I‘GCAATGCTATCTAGACCTTACCCCACTGGACC Bhl

AL chbe bl ooc ne rack scd s LB AL MUM LA LB LA a1

~100 [ . ' [ -5@ [ .
CTACCCCTGTCTTGCCTAGACTC TCTTGACCAATAGCCTCAGAGTCCTGGGGAGGGGTAAGGGGAGTAAGGTCCAGGGTGAAGAATAAAAGGACAGGTCT Bhl

LALLM LA AL A4 da AN AAALLLR ALR AR LR BA ML ELEE a1
CAP

[ +1 [ . [ [ (Y] [ [ .

Met Val His Phe Thr Ala Glu Glu Lys Ala Ala I
TCAGCCTCTTGAACATTCTGGC TTTTGCACACTTGAGATCATCTCCAAGCTTCTAGACCTCACACCATGGTTCACTTCACAGCTGAGGAGAAGGCAGCTA Bhl

JALAALU AL U MU A U S M MU S AL AL, oo

le Thr Ser Ile Trp Asp Lys Val Asp Leu Glu Lys Val Gly Gly Glu Thr Leu Gly Arg
JLLULL AL AL AL ML LR ALL AL rerenenncok AL LALLM b bl LELE  ane

IJ; 1 Ilé
J‘.J:én AAA’l“l“l‘ (ISTCTAGGACAGTGGTCTTCAACCTTTCTAATCATGCTACCCTTTM\TACTGGT‘I’CCAATGTTATGACCCC‘I‘TACCATAAACAATTATT Bhe
CCTCTACRACACTS

.................................................................................................... Bhl

TTAGTTGCTATTTTGTAATTGTAATTTTGATACTGTTATGTAGATATTTTTTTGATGGTCTTAAGTGCCCCTTGTGATGAAAGGGTCATTCTACCCTCAA Bho

;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;IZ‘SIIIT‘ZIIZIIETIIEZIE?E;;Iiiiﬁiiﬂﬁiiﬁﬁff?fffffiﬁﬁlﬁﬁii%‘iiii "

eu Ile Val Tyr Pro Trp Thr Glan Arg Phe Phe Asp Lys Phe Gly Asn Leu Ser Ser Ala Leu Ala Ile Met Gly Asn Pro Arg Ile Arg Ala His Gly Ly

TGATTGTTTACCCATGGACTCAGAGATTCTTTGACAAGTTTGGAAACCTCTCTTCTGCCCTGGCCATCATGGGAAACCCCCGGATTAGAGCCCATGGCAA Bhl
LI llélll llll lHlllHllHlllll l | YL L L
TG Té'l‘ TTA (!él‘.l GACTCAGAGGTTC ACAAATTTGGAAACCTC'L TT (l:(l:AAéCIZ ”I!l\'l'(l;(lsé’l‘k CCCA(‘;AATCAAAGCCCATGGCAA Bhe
Gln Lys
609 ' ' ' ' 650

s Lys Val Leu Thr Ser Leu Gly Leu Gly Val Lys Asn Met Asp Asn Leu Lys Glu Thr Phe Ala His Leu Ser Glu Leu His Cys Asp Lys Leu His Val
GAAAGTGCTGACATCCTTGGGCTTGGGGGTTAAGAACATGGACAACCTCAAGGAGACCTTTGCTCATCTCAGTGAGCTGCACTGTGACAAGCTTCATGTG Bhl

LM R A A AL AL AR AR LA AL L R LR LR oo

Ala His

' 760 * ' ' ' 7580

Asp Pro Glu Asn Phe Lys
GATCCTGAGAACTTCAAGGTCAGTTCTGAGCATGCTCATGTGTTCATTATGGATTTTAC . TAGGGACAATTCTGGGAGTTGAGACTGTGATTGGCAATGC Bhl

SAHE UL HE AR U b baal bbbl bad b ldhablbantana b Hak el cabbhbaberlhed  ono

800 ' : J ' 856
CTTGACAGATGTTAGAGTCCATGGGTCCAGAATTCTTGTCAGTAACCATTGTAGAAATCTT ....... AATATTTAGCTGTGCATATGTTGTGGGCA.AC Bhl
recdetldlrtchalbbanctbdtarkblhchdabtibhatelal Ml bchercencralbdnbockabbblsbloherncrtrrrbhahl  ana
909 ' ' . : 950 J ' '
AATGATTTGG.GTGCAGATTTG. . ... . AGTGAGCGCCCAGCAT. TTCTGGGGCCT. TGAGTTTGATTCTGAGCATTGGAAACTA ..... AGCATTCAAA Bhl

1GGCII\'}‘1I"1l‘(.lATé CTcéGTA'Lcl:TAAATcléTTGATJ;GAATG&ATM'WI'(I:'L& (!ATAT AATCC ’l‘é’l’éAéACJPGéAGCJ\(H‘ACCAAAL\GACA(‘ZAll Bho
Fic. 2. Alignment of the DNA sequences of Sh0 and gh1. The DNA sequence of Shl (top) and ShO (bottom)
were aligned to maximize homology. The unaligned sequence at the extreme 5’ and 3" ends of the genes indicate
regions of each gene that were not sequenced. Dots indicate the placement of gaps that were necessary to align the
two sequences. Boxes or overlined nucleotides denote regions that are conserved among g-globin genes and hence
probably have biological function (see text). Vertical arrows indicate splicing sites which conform to the GT/AG
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' 109¢ . ‘ . ' 1050 ' ’ .
...................... TATTGGATCTTTTTTAAAAAGGAGTATGTTTTTATAGATTAATACATCTATGCAAGAAGAAACTGAATTTAAGTTAAT Bhl
cuccacucrnncmﬂccr“'I'A&Auécl-ccl'cLc'r'r-rT):r);‘l"rl"rA“-l"l'lclAlc“cc16“‘;\(:“&1-u&-rulcnccccuclL\“clc 8h@
. 1199 ' ’ . ' 1158 . . :
ATCTTATCATTTGAAAGGAAAAATACCTTAATTAATTGTGTCAATCTTAATGTTCAATCCTTTATGGAAGACCCAAGGAGGAAATCAAAATATAGATTTT Bhl
MrthebrehododMUAMMe . . Mkt acrlheatbchoealhaheadel Ahdakilbrrclc. . AbLdH: one
' 1290 . . ' : 1250 . : '
TTTCCTTATTATTTTGACAACTTTCTAAATGTTTTACTTTCCCACTGAGCATTGGCACAGTTTGAGGCTTCT . CTTTGGTTGGACACTCAAATCTACTAA  Bhl
belaboctrhanddl. . Abbebaklhantabbclanbbbehabiddehabardhellctabededicliedcbbeatd. Aehcarkhchbblchll  ane
' 1349 ’ . . : 1350 . ' \
GAATCTTGTATCGCAATCATGTGTTGATTTAGATTTGGCCATTGATGAATGAGACAAGGAGCAAAAAATGGGAGGAGATAAAAAGGGCAGAATGAGGAAA  Bhl
arkhadeddl. . Abdccdbabbrctachaceenddd Al LlalAbdcddM . .. ... ... LUl hdarddlil AL ane
' 1499 ' ' . . 1450 . * '
GGTA....CAGATATAGCCAGT. TGAGTGGTGTACAAGAGGAGTCATGT . . AATTCAGTTGTCAAATGTATAACAGGAGAAGTGGTAGGTAGTGAGGGAC Bhl
A“‘1AGAA(HAG’LlG“}AAGJ:AC‘“:AlA“:éGJ:’LCAlGJEluK:CCé'l‘“'.hcclll'GAlA’l‘“;AACClGCATCCTélrrlélc‘rc!‘mc“‘-. .1cuc'r&. . Bho
’ 1509 ’ ’ ' ’ 1558 . ’ '
TGGAATCCTCAAAGAACATAACTTTTATACG. TCACAGTTTTGAAACTACTGATCATT. . . .CCTATGTGCCTTTTTGTT o vvevcoarnsovasnons Bhl
cl:cl;xluc'll'clz!:'lrétluluc AGAA'I‘AIIKI:'L'{‘ACAAATJSC'LGTTT(IE'{'CC‘L(I;TLLA'LTJ:'Il"r‘r'LCI‘,T‘L'LATTT(I:CIT."I‘T'LCC'r(I:A‘Il"l“l"l“{'(l:'LA‘rATCTTTTTGTGTTTCCTTC Bhd
’ 1609 ' ’ ’ ' 1650 ' ‘ :

Leu Leu Gly Asn Met Leu Val Ile Val Leu Ser Thr His Phe Ala Lys Glu Phe Thr Pro Glu val Gin Ala Ala Trp Gln Lys Leu Val lle Gl
.ACAGCTCCTGGGCAACATGTTGGTGATTGTCCTTTCTACTCATTTTGCCAAGGAATTCACCCCAGAGGTGCAGGCTGCCTGGCAGAAGCTGGTGATTGG  Bhl
chelbb R UL LR ML A R bbbk MR G RLLA dncd LA AL AL LA LEL AL K b ARG ono

T Ser Tyr Gly Ala Ala val

’ 1760 ’ : : ’ 1750 ' ' J
y Val Ala Asn Ala Leu Ser His Lys Tyr His *e¢
AGTGGCCAATGCTCTGTCCCACAAGTACCATTAAACTCCATTCCAGTACACTGGCAATCC. . . CATGTGTCTATGATGCCCTCTTTGACTCCATGGGGAC Bhl
Guéééélrqué&\éM&élméJfléélclclsécénlfcéér&méuééhléTmélecccu.ccTCLL&HAC ...... LA ecld  ene
X
. 1800 ' . ' ' 1850 ' ' :
TGAATTAGGCATTGAGAGCACAAATTTTGTTTAATAAAATTGATTCTTAATA. .. . ACATTGACT. .. . TTTTGGGGTTTTTTGTTCGTTTTTACTTTTA Bhl
Mroctodrdrchihaldilococbe el lcheck bl erchonanhbeatblcterrabbbbbrrbichehorthd . HlbbbbbG  ano
1900 ’ ' . ' 1950 ’ ' '
TGTTGAAG. . AACGATCTCAATGGGCTTGTTGGTGGGAAA . . AGACAGAAGAAGAAACC Bnl
%é“-r“aculp‘uculccc Gl‘\’l‘t!:(l;é:éAGA‘l‘G(LTAAJ?éG!‘AGCG“:“:A&AL&GACACTTGAGTT‘I‘C‘I‘TTTAGAACTTTGCTGGAATT Bho

rule (Breathnach et al., 1978). The horizontal arrrows show the location of repeats (see text). Amino acid residues
for the deduced Shl protein are aligned above the ghl coding sequence while those 16 residues that differ in gh0
are indicated below the respective codons. Base composition and dinucleotide frequency data appear under

“Experimental Procedures” for use in verifying copies of the above sequences.

The 3" End—In the 3’ end, beyond the termination codon,
both 8h0 and Bh1 have retained the hexanucleotide AATAAA
at position 1819-1824 (Fig. 2). This hexanucleotide was first
observed in eucaryotic messenger sequences 5’ to the poly(A)
addition site by Proudfoot and Brownlee (1976). The putative
poly(A) addition site in both genes was located by homology
to the human v genes. The distance from the termination
codon (excluding the codon), to the poly(A) addition site in
Bh0 is 119 bases and in gh1 is 123 (Fig. 2). The distance from
the AATAAA to the poly(A) addition site varies in globin
genes, as it does with other eucaryotic genes (Efstratiadis et
al., 1980). In ShO the last A of the AATAAA is 21 bases before
the putative poly(A) site. In gh1 it is 22. The features we see

in the 3’ end of Sh0 and Sh1 are features common to other
functional 8-globin genes.

Analysis of Coding Sequence—pBh0 and Shl share 93% ho-
mology in their coding sequences. The differences that exist
are the result of point mutations. Deletions and insertions
that would alter protein structure or result in frameshifts are
not present. The first exons have retained 99% homology,
containing only one silent substitution. The second exons are
93% homologous with a total of 16 substitutions. Nine of
these are silent, and the other seven result in five amino acid
changes (Fig. 2). The third exons are 87% homologous, having
accumulated a total of 16 substitutions. Seven of these sub-
stitutions are silent, and nine result in seven amino acid
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replacements. Of the observed 33 nucleotide substitutions, 16
(48%) cause amino acid replacements, and 17 (52%) are silent
mutations. The 1:1 ratio of silent to replacement mutations
between $h0 and 8h1 is similar to that found in functional 8-
globin genes (Czelusniak et al., 1982).

We have examined the character of the amino acid se-
quences of Sh0 and ghl in comparison with those of other
nonadult 8-globins. A sensitive method has been developed
for determining whether or not a gene has been inactivated
and then evolved for a period without selection.? The residue
positions are divided into those that contact the chain or
heme group and those that do not (Eaton, 1980). The former
class is found to collect mutations more slowly than the latter
class in functional genes. Even in a gene that has had a long
period of selection followed by a shorter period of inactivation,
the frequency of mutations rises to similar levels in both
classes.? When gh0 and ghl are examined in this way (Table
11} they both show a profile typical of functional genes.

Some of the residues in Sh0 and ghl are different than any
residue in the corresponding position in other embryonic 8-
globins (Table III). Such novel residues occur only a few times
in the contact class and represent chemically conservative

TaBLE 1L
Number of changes in contact and noncontact residues

The contact class includes 53 residues that make contact with the
a-chain, heme, or diphosphoglycerate (Eaton, 1980). The noncontact
class includes 93 residues. Human ¢ is used as a reference sequence
which falls an equal distance from human v, 8h0, and ghl on an
evolutionary tree. Human Sy demonstrates the profile of a known
functional gene.

Cy/e Bh0/e Bhl/e
Contact 5(9%) 6 (11%) 4 (8%)
Noncontact 25 (27%) 30 (32%) 29 (31%)
TasLe 111
Novel residues in 8h0 and/or 8hl versus other embryonic genes
Residue Change Changed Comment
ho. From® To  geme
Contact
33 Val Ile  Both «of contact
98  Val Ala Sh0  Heme and of contact
115 Ala Ser Both of contact; Ser is at
115 in rabbit 81.
119 Gly Ala phl  «af contact
Noncontact:
14 [Thr,Gln,Leu] Ile  Both
16 [Ser,Lys,Gly] Asp Both A-13°
20  [Ile,Val] Leu Both
22  [Glu,Asp] Lys Both B-4®
44 {[Ser,Asn) Lys Both CD-3%
52  Ser Gln gho
52 Ser Leu pghl
60  Val Ile Both
61 Lys Arg phl
74  Ala Gly phl  Adults have Gly
79 Asp His ph0 EF-8
83  [Ser,Pro,Gly,Asn] Glu both EF-7*
109 Val Met both Met at 109 in
mouse (314msier
126  [Val,Met] Ala Sh0  Alain mouse
Bldm&jor & Bzdminor
135  (Ala,Ser,Thr] Val gho
135 {Ala,Ser,Thr] Ile ghl
139 [Thr,Ile,Ser]| Asn ghl

¢ From the residue found in: human ¢, human ®y or 4y, rabbit 83
or 54, or mouse y.

b Assignment to three-dimensional position according to Dickerson
and Geiss (1969).
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substitutions. There are more frequent occurrences of novel
residues in the noncontact class. These are also often chemi-
cally conservative substitutions although several noncon-
servative substitutions will be discussed later. Most of the
novel residues in Sh0 and Bhl occur in both of the genes,
reflecting the fact that they duplicated from the same ances-
tral gene and have since gene converted (see below). The
number of novel residues appearing in only fh0 or only ghi
is nearly equal (Table IIT), demonstrating that selective pres-
sure has been equivalent on the two genes since they began
to diverge independently.

There are five positions (residues 16, 22, 44, 79, and 83)
where charged residues appear in h0 or ghl and not in the
other embryonic §-globins. The positions of these amino acids
on the three-dimensional structure of 8-globin are all on the
exterior of the molecule facing the solvent (see Table III).
The lysine at position 44 is on the lip of the heme pocket
where there is usually an uncharged residue in §-globins.
Myoglobin, however, has an arginine there which binds one
of the propionic acid side chains of the heme moiety (Dick-
erson and Geis, 1969).

Evolutionary History—pgh0 and Sh1 demonstrate more ho-
mology to each other than to the other mouse 8-globin genes
or to those of other mammals. Gene conversions between Sh0
and Bh1 have occurred as discussed later and may have erased
the evidence needed to know the true age of the duplication.
However, for the sake of the following discussion, we will
assume that the duplication occurred following the divergence
of mouse and other mammals.

The next strongest homologies exhibited by 8h0 and ghl
are to several nonadult 8-globin genes in other species. Cze-
lusniak et al. (1982), using coding sequence from 40 globin
genes, constructed the most parsimonious phylogenetic tree.
Their analysis demonstrated that the primordial gene, which
eventually duplicated to become Sh0 and ghl, split off from
the branch that led to the v-like structures, i.e. rabbit 83 and
the human v genes (Fig. 3). Located to the right of the mouse
y gene on the chromogome, Sh0 and Sh1 are also in the correct
topological position to be descended from the proto-v.

Of the noncoding sequences, the 5’-flanking sequences are
consistent with the assignment of Sh0 and 8h1 to the  family.
The 5’ region was divided into two segments: the CCAAT box
to the initiator codon, and a segment containing 100 bp 5’ to
the CCAAT box. Both segments show greater homology to
members of the y family than to other classes of 8-globins

PROTO€ PROTO y
—{O0—a—

1
CCAAT BOX
1 DUPLICATION
N PROTO y
1
.
1 FETAL
/' CONVERSION RECRUITMENT
CONVERSION —D—-——t/
——m 3 —a.—n
y gh0O Bh B4 B3 € Gy Ay
MOUSE RABBIT HUMAN

FiG. 3. Descent from a common two-gene ancestor of the
nonadult 8-globins of mouse, rabbit, and human. Curved arrows
represent gene conversions. All of the genes shown are expressed in
yolk sac-derived nucleated erythrocytes except for the human v genes
which are expressed in fetal liver-derived enucleated erythrocytes.
The CCAAT box is duplicated in rabbit 83 and in the human v genes.
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(Table IV). The 3’ ends of Sh0 and 8h1, including the untran-
slated region, have been affected by gene conversion with the
mouse y gene as described below (see “Gene Conversion
between Mouse y and gh0”). Consequently, the 3’ ends are
not useful for determining the ancestral relationships of 8h0
and ghl.

The intervening sequences of fh0 and Shl are not suffi-
ciently homologous to any of the human or rabbit genes to
permit alignment. This is similar to the general situation
found when aligning noncoding sequences among rabbit, hu-
man, and mouse 3-giobin genes (Hardies et al., 1983). In that
study, rabbit and human sequences were found to be less
divergent from each other than either was from the mouse.
This was taken to mean that the rodents diverged from the
line leading to rabbit and human substantially before rabbit
and human diverged. In IVS 2, where conservation is lowest,
the mouse to rabbit or human divergence approaches the
limits of currently available alignment algorithms, particu-
larly where insertion elements obscure the alignment. So the
inability to align Sh0 and Shl intervening sequences with the
proposed orthologous human and rabbit genes is not surpris-
ing. The situation does leave open the possibility of another
ancestral nonadult 8-globin gene besides the proto-y and
proto-¢. Based on the coding sequences and 5’ end alignments,
however, we feel that it is reasonable to conclude that mouse
(h0 and Bh1 are orthologous to the human v genes and rabbit
B3.

There is no similar problem in assigning genes to the ¢
family. Those genes assigned to the proto-¢ family from coding
sequence relationships (human e, rabbit 84, and mouse y) are
also related in their noncoding sequences. In IVS 2, for
example, human ¢ has diverged from rabbit B4 by 25%, while
mouse y has diverged from either of these genes by 35%.

Gene Conversion between Bh0 and 8hl—Gene conversion is
a common occurrence among tandemly arrayed genes (Sligh-
tom et al., 1980; Schon et al., 1982; Weiss et al., 1983; Hardies
et al., 1984). During gene conversion, sequence is copied from
one gene to a homologous but nonallelic gene without chang-
ing the number of genes or reassorting the flanking sequences.
Gene conversion is distinct from a double recombination in
that the mechanism is nonreciprocal; however, we will drop
this formal distinction since the other participating chromo-
some is seldom available for analysis.

Gene conversion is detected as an evolutionary event when
parts of a gene are more closely related to its neighbor than
are other parts, even after correction for the normal selective
differences of the two segments. The less closely related part
defines the history of the genes prior to the conversion, and
the more closely related parts reveal when the conversion
occurred. There is a gene conversion between gh0 and Shl

TABLE IV
Fraction mismatch of Bh1 5’ end versus other nonadult genes

Gapped positions were excluded. Region 5’ of CCAAT box was
compared for 100 bp except with rabbit 83 where only 55 bp were
available. No sequence for y was available in this region.

Bh1 versus 5’ of CCAAT CCAAT to ATG

v family

Human %y 0.36 0.34

Rabbit 33 0.35 0.25
¢ family

Mouse y 0.39

Human e 0.47 0.44

Rahbit 84 >0.50 0.44
Adult genes

Human 8 >0.50 0.41

Mouse 1428 0.46 0.43
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because the 5’ end and coding block 1 are much more closely
related than the segment including coding blocks 2 and 3 and
IVS 2. In the ShO and Shl gene pair, IVS 2 shows 35%
divergence. By analogy to the human v and rabbit 83 genes,
which also show 35% divergence in the second intron, we
infer that the duplication that resulted in gh0 and 8hl is at
least 60 million years old (Table V). One caveat in this
analysis is the possibility that the second intron of ShQ and
fh1 were converted against each other at an earlier time than
the event that affected the 5’ ends. In such a case, the 35%
divergence we see in the second introns would represent the
time since that correction event took place, and not the actual
time of gene duplication.

The divergence of coding blocks 2 and 3 between gh0 and
Bh1 is also on the order of the rabbit §3/human %y divergence
(Table V). However, the higher percentage of homology dem-
onstrated by the 5’ end and coding block 1 is indicative of the
homogenizing effect of a gene conversion (Table V). The
duplication event that led to Sh0 and gh1 is at least as old as
the speciation between human and rabbit. Moreover, by virtue
of belonging to two different species, we know that conversion
did not occur between the human v and rabbit 33 genes. It is
apparent from the percentages that a relatively recent gene
conversion has increased the homology between the ShO and
Bh1 genes over what we would expect for a noncorrected gene
pair of 60 million years or more. The conversion affected the
5'-flanking and untranslated end, including all of the control
signals,

Gene Conversion between Mouse y and Sh0—Although the
coding sequence of Sh0 or Shl is an overall better match to
the v family (see above), all of the coding blocks are not
equally so (Table VI). Coding block 3 of 8h0 is actually more
like mouse y than the genes in the v family. We propose that
coding block 3 of ShO has been gene converted by the y gene
(Fig. 3). Therefore, this region must be excluded from the
tree-making procedure to avoid overestimating the overall
homology between gh0 and y. The 3’-untranslated sequences
of 8h0 support this interpretation, being more like mouse y
than like human . The strong homology to y is confined to
the first 29 (24/29) nucleotides of the 3’-untranslated region
and probably represents a continuation of the gene conversion
event with y that affected coding block 3. 8hl is also a slightly
better match to y than to ®v in coding block 3. The difference
is too small to be interpreted with confidence, but may rep-

TABLE V

Fraction mismatch of Bh0/Bh1 versus Human C~/rabbit 83
demonstrating gene conversion between Sh0 and Bhl on the 5’ end

5% CB1 IVS1 CB2 IVs2 CB3 g
Bh0/8h1 0.04 001 011 016 035 016 0.35
Hu v/R 3¢ 026 024 028 013 035 024 035

¢ Gapped positions were excluded. The 5’ region included 227
positions prior to the ATG.

® Rabbit/human divergence took place over at least 80 million
years (Colbert, 1980).

TABLE VI

Fraction mismatch by coding block with human v and mouse y
demonstrating gene conversion of the 3’ end of Bh0 by the y gene

CB1 CB2 CB3
Bh0 versus
Human vy 0.20 0.18 0.24
Mouse y 0.36 0.21 0.13
Bhl versus
Human v 0.21 0.19 0.21
Mouse y 0.35 0.21 0.19
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resent a more ancient gene conversion from y than the one
exhibited by Gho0.

DISCUSSION

Bhl1 Codes for z—The analysis of the nucleotide sequence
of the mouse $h0 and Bh1 genes demonstrates that both genes
possess all of the heretofore identified sequence features con-
sidered necessary for globin gene function. For both genes,
sequence features in the 5’ end, the coding sequences them-
selves, and their positions within the cluster are analogous to
other mammalian nonadult 3-globin genes. We conclude that
both genes are likely candidates for functioning embryonic 8-
globin genes. This analysis is consistent with our earlier
conclusion that Shl codes for the z protein, based on the
observations that in vitro translation of hybrid-selected mes-
sage produces a protein with an appropriate mobility on
polyacrylamide gels, and that h1 transcripts appear in early
embryos.*

We now have an explanation for a long-standing problem
with the identification of the gene for the z protein. Steinhei-
der et al. (1975) have published amino acid sequence data for
portions of the z protein as determined by taking the compo-
sition of tryptic peptides and aligning with the adult sequence.
However, this calculated sequence did not match any of the
DNA sequences of the nonadult §-globins (Jahn et al., 1980).
For example, the deduced Shl protein sequence we present
here differs by 40 of the 102 residues Steinheider et al.
proposed. Their reported z protein sequence is closer to that
of the adult globins than those of other 8-globin genes that
are detected by hybridization with an adult probe. So if a gene
corresponding to the reported z protein sequence were in the
mouse genome, it should not be hard to detect it with an adult
probe. However, it has become increasingly clear through
repeated genomic blotting experiments that there is no such
B-globin gene in the mouse genome. All 8-globin hybridizing
fragments are accounted for by the seven cloned and se-
quenced genes.

The problem with the z protein data becomes clear in light
of the other sequences reported in the same paper. Embryonic
rabbit 8-globin sequences reported by Steinheider et al. (1975)
were also found to be irreconcilable with the subsequently
sequenced genes (Hardison, 1981; Hardison, 1983). The mouse
y protein sequence determined in the same study differs from
the subsequently determined nucleotide sequence (Hansen et
al., 1982) in some sections where it is apparent that contam-
inating adult peptides were responsible. Over half of the
residues in Steinheider’s z protein that differ from ghl, agree
with the adult globin residues in the same position. Several
intact peptides that are characteristic of adult 3-globin are
present. It appears that the “z protein” preparation contained
a mixture of §-globins predominated by an adult protein.
Under the circumstances, an attempt to reconcile the tryptic
peptide compositions with the sequence of a single §-globin
would be expected to produce a sequence that was not correct
for any protein.

BhO May Be a Minor Early Embryonic Gene—The DNA
sequence of the GhQO gene reveals a typical §-globin gene,
except for the unusually long first intron. The functional
appearance of the DNA sequence is consistent with experi-
ments demonstrating that hO is also transcribed in mouse
embryos.* As to the role of the hO gene in the mouse, we can
only speculate.

The fact that Sh0 transcripts are 5-fold less abundant than
Bhl transcripts in 10-day-old mouse embryos* suggests that
Bh0 might be a minor embryonic 8-like gene, analogous to the
adult 819i"r gene. It is possible that transcripts homologous
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to fh0 would be the most prevalent 3-like transcript present
in mouse embryos prior to the onset of 8hl expression; before
day 10. Incomplete suppression of Sh0 concomitant with the
expression of Shl might account for the 5:1 ratio of Shl to
BhO transcripts seen in 10- and 11-day-old mouse embryos. It
is of further interest to question whether the presence of the
inserted sequence in intron 1 may somehow modify the func-
tion of the hO0 gene. Clearly, to define the exact role of Sh0
requires further experimentation.

Gene Conversion—Gene conversion between Sh0 and ghl
and gene conversion from the mouse y gene to $h0 can both
be traced from the sequences of these genes. Conversion
between ShO and Bhl is similar in form and consequences to
that observed between the human v genes (Slightom et al.,
1980), or between adult 8-globins (Weaver et al., 1981, Hardies
et al., 1983) or a-globins (Schon et al., 1982). That is, closely
linked genes of similar sequence and function are caused to
remain homologous while accruing changes in concert. The
conversion from mouse y to $h0 (and possibly Shl) has an
additional aspect. Because the donor and recipient are ex-
pressed at different times of development, they may have
subtle structural differences that attune them to their slightly
different roles. The conversion of y to Sh0 was apparently
confined to the third coding block by the presence of the large
nonhomologous IVS 2. Restriction of individual conversion
events by intervening sequences is also evident for conversion
between Sh0 and ghl.

B-globin genes, like many other genes, have their interven-
ing sequences in positions that separate the coding sequence
into modules with different structural or functional respon-
sibilities (Go, 1981). This organization is proposed to have
the generally beneficial evolutionary effect of facilitating the
reassortment of independent modules into new genes (Gilbert,
1978; Tonegawa et al., 1978). We suggest a similar benefit of
this organization with respect to the modulating effect of
intervening sequence on gene conversion. In arrays of related
genes where there are functional differences among members,
conversion of some domains may proceed when evolutionary
improvements would be beneficial to spread among all of the
members. Strategically placed intervening sequences could
separate the conversion of regions with distinct functions.

Evolution of the Nonadult 3-Globins—The relationship of
Bh0 and Bhi to the nonadult 8-globins of human and rabbit
has been established by the use of tree-making algorithms
(Czelusniak et al., 1982). They are related to the human v
genes and rabbit 33 whereas the mouse y gene is related to
the human ¢ gene and rabbit 84. This makes topological sense
in that mouse 8h0 and gh1, rabbit 83, and the human v genes
are each 3’ to the respective member of the other group. Thus,
the nonadult genes of the mouse support the ancestral proto-
¢, proto-vy system defined by Hardison (1983).

We infer the biological roles of the proto-e and proto-y
from the roles of the present day descendants. In the rabbit,
expression of the embryonic 83 gene decreases before that of
the embryonic 84 gene (Rohrbaugh and Hardison, 1983).
Thus, in rabbit there is a similarity to mouse, where the
descendant of proto-vy is expressed before the descendant of
proto-e. This suggests that in the ancestor to mouse and rabbit
proto-e was a late embryonic gene and proto-y was an early
embryonic gene. The evolutionary tree shows primates and
rabbits diverging from a common stock after the split with
rodents. We deduce that the ancestor of the genes now func-
tioning as fetal genes in human was an early embryonic gene.

Identification of the proto-y gene as an embryonic gene
bears on the question of how the human fetal genes arose.
Production of a specialized hemoglobin during fetal erythro-
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poiesis occurs in human and goat but not in mouse or rabbit.
It was invented independently in human and goat, as judged
by their evolutionary relationships and the fact that the goat
fetal globin was derived from a historically adult 8-globin gene
rather than from the proto-y (Schon et al., 1981). The main-
tenance of a different gene in fetal erythrocytes from adult
erythrocytes is proposed to be one of several mechanisms to
facilitate exchange of oxygen between fetus and mother
{Kitchen and Brett, 1974; Bertles, 1974).

Wilson et al. (1977) have argued that regulatory elements
must play the crucial role in morphological evolution whereas
the structural sequences diverge at a rate largely uncorrelated
with the morphology of the animal. The recruitment of pre-
existing genes to fetal function without drastic alteration of
their structure exemplifies this process. In this sense, the
acquisition of a distinct fetal 8-globin gene is a model for the
mechanisms underlying morphological change in mammalian
evolution. The identification of proto-y as an embryonic gene
further bears on whether the regulatory changes were gradual
or saltatory. In the case of goat, a series of gradual evolution-
ary changes can be imagined to derive the fetal erythrocytes
from adult erythrocytes. This is because the fetal cells are
apparently a variation on adult erythrocytes and the goat fetal
gene was derived from a historically adult 8-globin (Schon et
al., 1981).

In primates, however, the recruited fetal gene is not one
that would have been expressed in the recruited adult eryth-
ropoietic cells. Whereas fetal erythrocytes can be considered
a variation of adult erythrocytes, embryonic erythrocytes are
considerably different. The recruitment of the proto-y from
its role in early yolk sac-derived embryonic erythrocytes does
not lend itself to gradated intermediate states. We propose
that recruitment of the proto-y to fetal function involved a
saltatory event. This further suggests that the regulatory
elements controlling the timing of globin expression are suf-
ficiently flexible to support such a change in function.

A precedent for a saltatory change in the developmental
control over globin genes can be found in the hereditary
persistence of fetal hemoglobin syndrome in humans (re-
viewed by Weatherall and Clegg, 1982). In this case, chro-
mosomal rearrangements occurring several thousand base
pairs away from the vy genes cause their expression to continue
into adulthood rather than shutting off at birth. The mecha-
nism of this effect is not known, but presumably involves the
alteration or deletion of some cis-acting control elements. In
the case of the historical recruitment of an embryonic gene to
fetal function in human, it is difficult to guess what rearrange-
ments or what control elements may have been involved.
However, there is an excess of DNA on either side of the
human vy genes as compared to the analogous region in rabbit.
Thus, these regions are candidates for ancient rearrangement,
perhaps with the introducton of new sequences, which may
have altered the regulatory environment of the proto-vy gene.
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