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Summary. The DNA base sequences of the entire
chimpanzee {1 globin gene and an additional 1 kb
of DNA flanking both the human and chimpanzee
genes have been determined. Whereas the human
¢1 gene contains a termination codon in the sixth
Position, the chimpanzee gene appears to be func-
tional. This finding confirms Proudfoot et al.’s sug-
gestion that the human {1 gene was recently inac-
tivated. Like the corresponding human {1 and {2
genes, the first and second introns of the chimpanzee
{1 gene are occupied largely by tandem repeats of
short oligonucleotides. These tandem repeats have
undergone several rearrangements since the diver-
gence of the human and chimpanzee {1 genes.
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Introduction

Zeta hemoglobin is an alpha-like hemoglobin ex-
pressed in embryos. Two closely linked genes in
humans, designated {2 and {1, have sequences cor-
responding to that of the zeta protein (Proudfoot et
al. 1982). Mapping of the alpha-like globin gene
cluster in apes demonstrates that the duplication of
the zeta globin genes is ancient and at least predates
the divergence of human and chimpanzee (Zimmer
et al. 1980; B. Chapman, unpublished data). There
are several interesting sequence differences between
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the duplicate human zeta globin genes; most nota-
bly, {1 appears to have recently been inactivated
(Proudfoot et al. 1982). The coding regions of the
two genes differ by only three point mutations. Two
of these mutations result in amino acid replace-
ments, and one mutation converts the sixth codon
from that for Glu in the {2 to a termination codon
in the {1 gene (Fig. 1). The absence of third-position
synonymous mutations in protein-coding regions
suggests that this pair of genes has undergone a very
recent gene conversion event (Proudfoot et al. 1982).
The inactivation of the human {1 gene probably
occurred even more recently. Both genes are tran-
scribed in Xenopus oocytes (Proudfoot et al. 1984).

The unusual introns of this pair of genes also
exhibit interesting differences (Proudfoot et al. 1982).
Each gene, as is typical of other globin genes, con-
tains two introns. The first intron of the {2 gene is
886 bp in length, whereas the corresponding intron
of the {1 gene is 1262 bp in length. The difference
in length is due entirely to a difference in the number
of copies of a 14-bp-long element (Fig. 1). This ele-
ment is present at 12 tandem copies in the {2 gene
and as 39 tandem copies in the {1 gene. In addition
to this tandemly repeated element, the first intron
of'both { genes also contains 650 bp of unique DNA.
There are only three base differences in the nonre-
peated regions of the first introns of the {2 and {1
genes, indicating that the very recent conversion
event described above extended also into the first
intron. The second intron of the { genes is largely
occupied by a tandem repetition of a 5-bp element
(Fig. 1). There are 35 tandem copies of this 5-bp
element in the second intron of the {2 gene, and 52
tandem copies of it in the second intron of the {1
gene.
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Fig. 1. Structures of { globin genes and their evolution. The strategy used to determine the sequence of the chimpanzee and human

{1 globin genes is indicated by the arrows, which correspond 1o restriction fragments used to construct M13 subclones for dideoxy
sequencing. “MG” stands for Maxam-Gilbert sequencing. Position 0 is the transcription start site. The numbering system corresponds
to that for the human {1 globin gene (Proudfoot et al. 1982). The structure of the human/chimpanzee {1 gene, including two flanking
Alu repeats, is schematically depicted. Codon differences between the chimpanzee ¢1, human {1, and human {2 genes as well as the
lengths of tandem repeats within the introns are qualitatively indicated. The restriction sites are as follows: s, Sst I; a, Alu I; r, Rsa

I; h, Hae IIL; t, Sau 3A; p, Hpa II; b, BG1 II; d, Dde I; m, Sma I

To obtain additional insight into the evolution
and inactivation of the human ¢1 gene, we have
sequenced the chimpanzee {1 gene. The results of
this study confirm Proudfoot et al.’s suggestion that
the human {1 gene was recently inactivated and pro-
vide additional examples of changes in the unusual
introns of the { globin genes. In a companion paper,
we report sequences of other parts of the human and
chimpanzee alpha-like globin gene cluster (Sawada
et al. 1985).

Materials and Methods

Restriction enzymes, T4 polynucleotide kinase, T4 polynucleo-
tide ligase, Escherichia coli polymerase large (Klenow) fragment,
bovine alkaline phosphatase, deoxynucleotides, and dideoxyn-
ucleotides were purchased from Bethesda Research Labs, P-L
Biochemicals, or New England Biolabs. Radioactive nucleotides
were purchased from Amersham or ICN. The human {1 globin
gene was subcloned into pBR ¢ from a lambda genomic clone as
described by Lauer et al. (1980). The chimpanzee {1 globin gene
was isolated as a lambda genomic clone as described by Sawada
et al, (1983).

The human and chimpanzee lambda clones were digested
with the restriction enzyme Sst 1. The 1.06-kb human fragment,
1.06-kb chimpanzee fragment, 1.80-kb chimpanzee fragment,
and 1.2-kb chimpanzee fragment were cloned into bacteriophage

M13 or plasmid pUC (Messing 1983). These subclones were
further digested and recloned into appropriate sites in bacterio-
phage M13 strains 8, 9, 10, and 11 as indicated in Fig. 1.

The unusual sequences present in the introns proved to be
refractory to the M13 method. Sequences of these regions were
determined by the method of Maxam and Gilbert (1977). Re-
action times were modified to enable sequencing of the two G-rich
introns. All other sequences were determined using the M13 di-
deoxy method of Sanger et al. (1977) and Messing et al. (1981).
Compression effects in the region of positions 2000 and 2100
required the use of one or the other of the base analogues inosine
triphosphate and 7-deazaguanosine triphosphate. Although we
cannot preclude single-base sequence errors, all human—chim-
panzee sequence differences in the gene, recognizable control re-
gions, and the Alu members were individually scrutinized. The
sequence of the 5’ flanking region, positions ~900 to —200, is
presented for completeness, but without the accuracy required
for an analysis of the divergence of human and chimpanzee DNAs.

Results

Sequence Determination and Overall
Gene Structure

The organizations and restriction maps of the alpha-
like gene clusters in human and chimpanzee are very
similar (Lauer et al. 1980; Zimmer et al. 1980). In
particular, the human {1 gene maps about 4 kb 5’



tothe human Y« gene. We identified the chimpanzee
{1 gene by its position relative to the chimpanzee
Va gene (Sawada et al. 1983). We do not show the
Supporting mapping data here, as the sequences
flanking the human {2 and {1 genes are entirely dif-
ferent (Proudfoot et al. 1982). The base sequence of
the chimpanzee gene reported here unambiguously
identifies it as the {1 gene.

The DNA sequences of the chimpanzee {1 gene
and additional DNA flanking the chimpanzee and
human genes were determined by the strategy de-
picted in Fig. 1. The general organization of the
chimpanzee {1 gene is the same as that of the human
{1 gene (Proudfoot et al. 1982): It consists of three
exons and two intervening sequences. In addition,
a full length Alu family member and a partial Alu
family repeat are present in the 5’ flanking regions
of both the chimpanzee and human genes (Fig. 1).
A detailed analysis of Alu family repeats is the topic
of an accompanying article (Sawada et al. 1985);
consequently, we note here only that corresponding
Alu repeats are found at identical positions in the
human and chimpanzee genes (Fig. 2). This paper
analyzes those regions of the sequence that affect the
expression of the gene. For this analysis we compare
the sequence of the chimpanzee {1 gene with Proud-
foot et al.’s sequences of the nonfunctional human
{1 gene and the closely related functional human {2
gene (Figs. 1 and 2).

Coding Regions

The globin-coding regions of these three genes differ
from each other by a small number of point mu-
tations (Figs. 1 and 2, Table 1). The human {1 gene
has been inactivated by a single point mutation in
codon 6 that changes the Glu codon of human {2
to a termination codon in human {1 (Fig. 1, Table
1). Codon 6 of the chimpanzee {1 gene codes for
Glu, as it does in the functional human gene. This
is direct phylogenetic evidence that the inactivation
of the human {1 gene occurred after the divergence
between human and chimpanzee, in agreement with
Proudfoot et al.’s conclusion that the {1 gene was
inactivated very recently in the human lineage.
The chimpanzee gene has three synonymous mu-
tations relative to the two human genes (Table 1).
There are no synonymous mutations between the
two recently converted human genes (Proudfoot et
al. 1982). This small number of synonymous mu-
tations is consistent with the known divergence time
of human and chimpanzee and the rate of third-
position substitutions. Each gene has one replace-
ment mutation relative to the other two genes (Fig.
1): Codon 7 of the human {2 gene is different from
codon 7 of the chimpanzee and human {1 genes,
codon 75 of the chimpanzee gene is different from
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Table1l. Differencesin the exons of the human {2 (H{2), human
{1 (H{1), and chimpanzee {1 (C{1) genes [see Fig. 2 and Proudfoot
et al. (1982)]

Amino
acn§ Base (X) Amino acid
posi-
tion Codon H{2 H{l Cti H{2 H{1 Ctl
6 XAG G T G Glu Ter Glu
7 XGG A G G Arg Gly Gly
32 CTX C C T Leu Leu Leu
64 GCX C C T Ala Ala Ala
75 XAC G G A Asp Asp Asn
96 GTX C C G Val Val Val
126 GXC A C A Asp Ala Asp

that of either human gene, and codon 126 of the
human {1 gene differs from codon 126 of the human
{2 and chimpanzee {1 genes (Table 1). The rate of
replacement mutation in selected globin genes is
estimated to be 0.1% per million years [reviewed by
Lacy and Maniatis (1980)]. The low level of replace-
ment mutation observed in the chimpanzee gene as
compared with the two human genes implies that
the chimpanzee and both human genes have evolved
under selective pressure. By all other sequence cri-
teria the chimpanzee gene appears to be functional
(see below).

Intervening Regions

An unusual feature of the intervening regions of the
zeta globin genes is the presence of long arrays of
tandemly repeated oligonucleotide sequences. The
first intron of all three genes consists of a long
unique sequence of about 650 bp (Figs. 1 and 2). This
unique region is preceded by a long tandem array
of a 14-nucleotide-long sequence. The consensus
sequence of this 14-nucleotide-long element is the
same in the chimpanzee and human genes:
ACAGTGGGGAGGGG. The length of the tandem
array is 12 copies in the human {2 gene, 39 copies
in the human {1 gene, and 39 copies in the chim-
panzee {1 gene.

Although the lengths of these tandem repeats are
identical in chimpanzee and human, they are not
necessarily identical sequences. There is 18% di-
vergence beiween the human and chimpanzee tan-
dem repeats when they are simply aligned in phase.
The divergence can be reduced to 11% by allowing
for a deletion and corresponding insertion of three
repeat units between the human and chimpanzee
tandem arrays (Fig. 2). The divergence could be
further reduced by additional rearrangement of these
repeat units. This implies that the length of this
tandem repeat has not been static since divergence
between human and chimpanzee, and that there may
have been numerous expansions, contractions, or
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huwan pagetetgcaggetgaagatgttgeacctgteageggggatgeggpeacgettgetgavxxagcaacggaaaagcatcagtgtgtgaagatgeattttote
chimp gagetetgeaggetgaagatgtegeagetgteageggg-atgggggeacgetigetgacgeageaacggaaaageateagtgtgtgaagatgtattttete
-1400 |
. . . . LI I |
TTTTTTTTTGAGACGGAGTCTCGCTCTGTTACCCAGGCTGGAGTGCAGTGG
tetttetattattattatitt-attttatttttt-ctgaggeagaacetogetotgteacecaggetggngtacagttatacgeecteatecacaaccacgag
chimp tetttetattattattatttttattttatttitttet-aggeagaacctegetetgtecacecaggetggagtacagtgatgcaccteateacaaccacgag
* L | -1300 | » *
GCCACCACGCCCAGCTAATTTTTGTATTTTTAGTA GGCCGGGCGC
human ccaccatatacggccccatgagcaagccaccacgcccagcctttttttcccttgtLttaaaaaatcctctatttaaaaaagatgtgeatgggccgggcac
chimp gcaccacatgcggccccatgagcaagccaccacgcccagccttLLLLtcccttgtcttaaaaaatBthbaattaaaaaagatgtgcttgggccgggcac
-1200 |

human

»

GGTGGCTCACGCCTGTAATCCCAGCACTTTGGGAGGCCGAGGCGGGCGGATCACCTGAGGTCAGGAGTTCGAGACCAGCCTGGCCAACATGGTGAAACCC
human ggtggttcacgctcataaLcccagcLcLttcggaggccgaggcaggcagatcacctgaggteaagagttcgacaecagcctggccaacatggtgaaattc
chinp zstggttcacgctcataatcccagcactttcggachcgaggcaggcagatcacctgaggteaagagttcgacaccagcctggccaacatggtgaaattc

-1100 |
H ® »

CGTCTCTACTAAAAATACAAAAATTAGCTGGG CGTGGTGGCGCATGCCTGTAATCCCAGCTACTCGGGAGGCTGAGGCAGGAGAATCGCTTGAACCCGE
human catctgtactaaaaatacaaaaattagccaggcegtggtggtgcgtgcctgtaatcecagctactcaggagac:gaagcaggagaatcacttgaacccag
chimp catctgtactaaaaataaaaaaattagccaggccgcggtggtgcgtgcctgtgatcCQagctactcaggagactgaagcaggagaatcacttgaaccoag

-1000 !}
1] L}

GAGGCOGAGGTTGCAGTGAGCCGAGATTGNGCCACTRCACTCCAGCCTGGGTAACAGAGCGAGACTCCGTCTCARARRR
human gaggcagaggttgcagtgggtcaaaatcatgccaccacactccagtctgggagaeasagcaagactceatctcagaaacaaactaacaaaCaaaattttt
chimp gaggcagaggttgcagtgggtcaaaatcg-gccaccacactccagtctgggagacagagaaagactccatctcagaaacaaactaacaaacaaaattttt

v ~900
[ 3 #* L 2R 3
human atatctacctataattcgtataaabtzaaaatacatgcataaaatcataccctLtgcaagcacacgtactaactaaaaggaatatattcagcacabagaaa
chimp atatctacctgtaactcgcaLaaatttaaaatacatgcataaaatcataccccttgcaagcacacgtactaaccaaaaggaatatattcaacacgccgaaa
[ . [} s aRssans
humarn: tggttgtctaacggaagagggggagttaataaacagagaggataaaaataaataaatcagtagagctggacagagggtc;cctocaggetgcgatgagaac
chimp tggttgtctaatgga—gagggggagttaataaacagagaggataaaaaaaaataaatcaatagagctggacagtggggagaggacaggetgcgatgagaac
=700 |
[ ] [ I ] 1] [} [ []
human atagtgagcagaaLtgcaggcctgcatgacctcaccttctgtgaggagtc—cggcctcccaagacgctttcctgcctgagtgcccggctcaga-tgtcccct
chimp atagtgagcagaatt-caggcctgoatgacctcaccttctgtgaggagtcccggact—ccaagacgcttccctgcctaggtgcctggctcagagtgtceecc
-600 |
(1
hunan aoaaggccactggagcagaaccccagaccgagcctcattcaggtgagggggctgcacaccggaggtgggagaggtghgtcccttcccaccctgtgacact
chimp acaaggctactggaggagaaccccagaccgagcctcattcaggtgagggggctgcacaggggaggtgggagaggtgtgtcccttcccaccctgtgacact
=500 !}
] »
human gggtcccactttct0tctagggggtctcggtttcctcatttgc-aaactggagctcataaggtgggccagagaagtbtcagtgaagtgagsaatggateg
chimp ggttcccacttzctctctagggggtctcgstttecLcatttgcaaaactggagcLcataaggtgggccagazaagtttcagtgaagtgaggeatggatcg
~300 !
[
human tccctctgccagggcccatgtgctctaggtcaccctgtcatcacagggacagggaggtcaaggacastcactcctgasgccagtccgggctgggctgacc
chimp tccctctgccagggcccatgtgctctaggtcaccctgtcatcacagggacagggaggtcaaggacagttacLcctgaggccagtccgggctggsctgacc
-300 !}
[}
human acgtgaactctcatgcccagattggggCOOCaatctccctgaagctggggctccagctgtgactcaggggtsggcagaaggggagacagaagcgataggt
chimp acgtggactctcatgeccagattggggccccaatctccetgaagctggggctccagctgtgactcaggggtgggcagaaggggagacagaagcgataggt
-200 |

human tcctcagcccccagtccca-—--cctgagggecectttgtcactggatctgataagaaacaccaceectgcagceecctcccctcacetgaCCAAngcc
chimp tcctcagcccccagtccca----cctgagggcccctttgtcactggatctgataagaaacaccaeccctgcagccccctcccctcacctgaCCAAngcc

human acagectgsctgggcccagctcccthATATAAggggaccctgggggctgagcactaccaaggccagtcctgagcaggcccaactecagtgcagccgccc
chimp acagcctggctgggcccagetcccthATATAAsgggaccctggggsctgagcactaccaaggecagtcctgagcaggcccaactccagtuoagccgcec
0!

iniserleuthrlysthrterglythrileilevalsermettrpalalysileserthrglnalaaspthrileglythrgluthrle

human accctgccgccatgtctetgaccaagacttaggggaccatcattgtgtecatgtggzccaagatctccacgcaggccgacaccatcggeaccgagactct

chimp accctgccgccatgtctctgaceaauaetgaggggaccatcattgtgtccatgtgggccaagatctccacgcaggccgacaccatcggeaecgagactct
glu 100

vgluar{ intron I ¥ LN .

human ggagaggtgagtgtcagatgggactgccagagggactgggtgggazgccaggtatgtgagtggggaeagtggggagcgggcagtLngagggsac -----

chimp zzasaestsagtatcasacesgactsccazaeezactaggtsgzagzcoasstggz?zastssssacaatggssagtzgzcsstssssassssacastss
2 i

* g L
human EEEEEAREERACaR EART AgEAEACARLREEEARE - B0OE REALAEERRICABLEALE
chimp EsaﬂgssacagtﬂagaalaSgacasta325338883EcZ‘EEEEaEEESacaEtBaBtEggsgacasczgggaﬂaggacaﬂtggagaggggaaagtga%S

30

1

& * 2 £ 2 *
—_— & - > > .
human agggeaccatgggaagregacas LEgagtEERLacagtgaggagEsgaccataggeaggEgacagtggggaggagacagte-ageagagraccgteggga
chimp aggggaccgtgggaagegracegtggagtagggacagt gaggagee-acesCagggeanggacagtggrgagaggacagtgrageaggagaccetagesa
400 4

i . * . L1} " ne " o» L I ]

—_—> - > > > > o
human gregacagtg-aggaggggacegtegge-aggagacagty-aggagegeaccytagggaysegacagtgageaggre-acegtgLLe-agaesacagtea
chimp BSG‘acaZtgﬂagaaggssaccgtEEBgSESSESEQastBBaSEaEBBBacQgtﬂaggaEBEBac38t86388aSBSBaCEStESSSEaﬂaggaCagtga

™ > > > > -

humar --pEagggBacce-L8grEaggggacagtgaggagsEEaceLteggaaggagacagtpa-grasespacettggggakpEeacagtgaggagrngaccal

chimp gaggaggggaccgategggaggacacagtggegagEecactgtEgppaga-gatagtgaaggarprpaccetEg8agERgacagtg--—onmr~mxr--
500 |

~ Pp—

tuman ggzcazgssacagtsaseaszzsacaatssaaazzzsacagtgaseazsssactstsszgagasgacastga&sassaéaccatsgzsazsécacastsz
chimp «sem-meeesoceor oo cm e gaggaaggecagtggagaagegactgtegugagageacagt gagsagggaaceat EEGIBERRCACIELER
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£uapgggagagtgaraapgracagtgagpaggegact gtggEgaggggacagtggagacagatageetteectetcagtgaggagggeagggt aaggag
sgagggga%agtgaggaagggacagtgaggaggggactgtggggaggggacagtggggacagatagcgttccctctcagtcaggagggcagggtaaggag
700 !
*

ggaacgattaggagttgeacaaccatetgggetegetgagacetgggeaggeacaggeecaggt tetgacaageagagggtgaaaggtttegttetagge
Egtacgattaggagttgeacaaccateotgggetegetgagacetgggeaggeacaggececaggttotgacaageagagggtgaaaggtttegbtetagge
800 |
[ ]
ctgaagggect tacagggeagecagggeactacagectetaaagteccageatetgggateagggeactgteccagettecaaattcecageatetgatee
ctgaagggeettacagggeagecaggpeagtacagectetaaaateccageatetgrgatecagggeactgtoccagogteaaatteocageatetgatee
900 |
]
cctgggaggrgecagggagettttecttecetggaacgetgetgggageteatgageetgeagaaggggtggegrgeaacecagtetggggetgggageg
ectgggaggg—ccagggagcttttccttcccbggaacxxtgctgggaggteatgagcctgcagaaggggtggcgggcaacccagtctggggctgggaggg
1000
I L]
aggtectgtggecagaggagacggtggageggetgggggeaccaggegtgetggaggeggagggegggagat ttggggaccaggetgeacagaaceegte
aggtcctgtEgecagaggagacegtggagggectggggrcacoaggegtgctggagpeggageggegegagatttggegaceaggetgecacagaacecett
1100
. [} * L]
graagcagggcgatcagecgggage tge-g-ggeetggeggegectotagece-agggeagectgggaggrgragetgectgggracecegggeeccgegag
praagcagggegatcagecgggagetgeagaggec tgggggaect-tagececagggeagect-ggaggegeagetgectgggeaceegggecccgegag
1200 !
[] [}
gaggggetggggeetgetgeggegategeagatgtgteceggteeteggagagggecgeagggegegtgegecgtggegggagegcegegetgetggraget
-aggggetggggectgotgtggggtegeagatgtgteceggtgetoggagagggecgeagggegegtgggecgtggegggagaecgegctgcteggaget
1300 |
' *
intron 1 lgleupheleuserhisproglnthrlysthriyrpheprohispheaspleuhisproglyseralaglnleuarg
cacggececcgeecceegicecaggetetteeteagecaccegeagaccaagacetacttecegeact tegacetgeacecggggtecgegeagtigerge
cacggececcgeccecegxeccaggetttteetcagecaccegragaccaagacctacttecegeact togacetgeacceggggtecgegeagttgege
1400 | leu
L) .
alahisglyserlysvalvalalaalavalglyaspalavallysserileaspaspileglyglyalaleuserlysleusergluleuhisalatyri
gegeacggetccaaggtggtggeegeegtgggegacgeggtgaagageategacgacateggeggegecoctgieccaagetgagegagetgeacgeetaca
gegeacggetecaaggtggtrgetgecgtgggegacgeggtgaagageategacaacateggeggegeectgtecaagetgagegagetgeacgeetaca
1500 | ala asn
*
leleuargvalaspprovalasnphelys[ intron 2 s
tcctscscstzsacccsstcaacttcaazstzcscsssscscsetscssscssssczaezcssssccscsssscsszcssssccscsssscsssstcscs
tectgegegtggaceoggtgaact teaagg tECECREBRCECARLECRRECRBEACRRALCRRE L CRECABBACEEBLEEEELCECRERECEBEE-~~C8

1600 | val
* (R TITIE I . [ Y] [ nnun . onu . 0

eszczsggcssgstsssstcscsssscssascsssstcxcssz&czzascssgzcsssscsssscssscsssscszccszszcccggczgsscgssscss
88CC8EEEEELCCEECEEE-BOEREEBRRECCECERBECEBEECEREBECEEEEELCCBEAREECCEERARL
1700 !

I 2 & . * * "Hes

8808588388880t&SG“SSSE3888808088880888808580058800888808588tCSCS&BECSEEStcEQZESKCGBLG980588808888086

1800 |
.

intron 2 lleuleuserhiscysleuleuvalthrleu
ggcggggtggggtcgeggggcggggcccgggctaggccccgcccccgcactgagccgcccccgcccccagctcctgtcceactgcctgctggtcaccctg
grggecegggetaggeecegeceecgeactgageegeece~geeeecageteectgieccactgectgetggteaceetg

1900 |
]

a1aalaargpheproalaaspphethralaglualahisalaalatrpalalyspheleuservalvalserservalleuthrglulystyrargTER
gccgcgcgcttccccgccgacttcacggccgaggcccacgccgcctgggccaagttcctatcggtcgtatcetctgtcctgaccgagaagtaccgctgag
gccgcgcgcttccccgecgacttcacggccgaggcccacgccgcctgggacaagttcctatc@gtcgtatcctctstcctgaccgagaagtaccgctgag

2000 | asp

-
cgeegectecgggacccccaggacaggetgeggecectaeceetgecetteteceteccacagttectgecetgact—c o ccAATAAAtggatgagga
cgccggtLccgggacccccaggacaggctgcggcccctCCCctgcccttctcectcccacagttccbgccctgact ------ ccAATAAAtggatgagea

2100 |

. .

cggagegatetggretetgtgttoteagtattggagggaaggaggggagaagetgagtgatgggtecggeggetteg aggaacteggtegteececactg
cggagegatetgggetetgtgtteteagtattggagegaaggaggegagaagetgagtgatgggtecggggget cgcaggaacteggtegtggggacty

2200

[

tegtogoggeetgggetteacttggggggegeectiggggaggttetagee
tegtegeggeetggggateaattggggggegecttggegaggttetagee

2300 |
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DNA sequences of the human and chimpanzee {1 genes, compared according to the numbering system of Proudfoot et al.

(1982). Differences are marked by asterisks (*). The full-length and partial Alu repeats (ca. bases —900 to —1300) are compared with
the genomic consensus, indicated by superimposed capital letters (Schmid and Shen 1985). Promoter and polyadenylation signals (ca.
positions —50 and 2180) are highlighted with capital letters. Intron—exon boundaries are indicated with brackets and the polypeptides
corresponding to exons are shown, The 14-base and 5-base tandem repeat elements in the first intron (ca. intron positions 200-1000)
and second intron (ca. positions 1500-1900) are highlighted with arrows

other rearrangements in this tandem array. Jeffreys
et al. (1985) found that “minisatellite” regions such
as the tandem repeats in this intron are hypervari-
able in human DNA.

There are 12 differences between the 650-bp-long
unique sequences present in the first introns of the
human and chimpanzee {1 genes (Fig. 2). This value
approximates the expected divergence (1.5-2%) for
nonselected human and chimpanzee DNAs (Zim-

mer et al. 1980; Chang and Slightom 1984; Sibley
and Ahlquist 1984). For comparison, there are two
differences in this same region between the human
¢2 and {1 genes (Proudfoot et al. 1982). This reem-
phasizes Proudfoot et al.’s (1982) conclusion that
the gene conversion of the human {2 and {1 genes
was an extremely recent event, one that certainly
occurred after the divergence between human and
chimpanzee.
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Functional
human gene ({2)

Human
pseudogene (1)

_ !

Inactivation

—l Chimpanzee ({1)

13.5 (SILENT CHANGES) [¢]
— —t—t—]
5 (MILLIONS OF YEARS) 0

Fig. 3. Tree and approximate time scale relating sequences of
three zeta globin genes. In the single-copy regions compared, the
human {1 and {2 genes differ by three silent substitutions, whereas
the chimpanzee {1 gene differs from them by an average of 13.5
silent substitutions. Based on the assumption that the chimpan-
zee and human lineages diverged Smillion years ago, one esti-
mates that the human {1 and {2 genes diverged from each other
roughly 1.1 million years ago

Most of the second intron of the zeta globin genes
consists of an imperfect tandem repetition of a pen-
tanucleotide, CGGGG. The length of this tandem
repeat can be quite variable. There are 26 tandem
copies of the pentanucleotide in the chimpanzee {1
gene, 52 copies the human {1 gene, and 35 copies
in the human {2 gene. It is not possible by simple
alignment of the chimpanzee and human intron 2
sequences to account for the shortening of the chim-
panzee intron by a single or small number of events.
This difference in length may thus be the result of
multiple steps, suggesting that the size of the intron
may have expanded and contracted many times since
the divergence between human and chimpanzee.

5" and 3' Flanking Regions

The 5’ flanking sequences of the two human zeta
globin genes and the chimpanzee {1 gene are nearly
identical for ~200 bp upstream from the initiation
codon. Included within this flanking region are rec-
ognizable promoter elements (the CCAAT and TA-
TATAA boxes), mnRNA cap sites, and the initiation
codon (Fig. 2). The high level of sequence conser-
vation between the human and chimpanzee {1 genes
persists for about 500 bp upstream from the cap site
(ca. position —500). The 3' flanking region of the
{1 gene is also conserved, showing 96.6% homology
between human and chimpanzee for 240 bp follow-
ing the termination codon. This region includes the
polyadenylation signal at about position 2170 and
the polyadenylation site (Fig. 2). These homologous
sequences in the flanking regions of the chimpanzee
and human {1 genes are not included in the con-
version unit of the human {2 and {1 genes (Proud-
foot et al. 1982).

Discussion

The introns of the zeta globin genes are unusually
long compared with those of other globin genes.
They are also unusual in that their lengths are so
plastic. Blot hybridization studies indicate that the
length of zeta globin introns is very polymorphic
within the human population (Chapman et al. 1985).
This length variability is due entirely to copy-num-
ber variation in the tandem arrays contained within
the introns. The single-copy regions of the introns
are well conserved when one compares either hu-
man with chimpanzee genes or the two human genes
with each other. We believe that length variability
is an inherent biochemical property of any tandemly
arranged- simple sequence and that the zeta globin
introns are not unusual in this regard (Bell et al.
1982; Heilig et al. 1982; Kominami et al. 1983a,b;
Maroteaux et al. 1983; Sawada et al. 1983, 1985;
Jeffreys et al. 1985). We therefore expected to find
such differences in the lengths of the chimpanzee
and human {1 introns as were found in the second
intron. Our present finding that the length of the
first intron is unchanged since the divergence be-
tween human and chimpanzee is surprising. We do
not know if this intron has any biological function.
The finding that the first intron of an immunoglob-
ulin gene has an enhancer activity (Banerji et al.
1983; Gillies et al. 1983) demonstrates one possible
function of introns.

Proudfoot et al. (1982) reported that the human
{1 gene is a very recently inactivated pseudogene.
The data reported here for the chimpanzee {1 gene
confirm and extend their findings. The synonymous
mutations in the chimpanzee gene relative to both
human genes demonstrate that the conversion of
the two human genes must have followed the di-
vergence between human and chimpanzee. Based
on comparison of the number of silent mutations
between the two human genes and the chimpanzee
gene, we conclude that the divergence between the
two human genes occurred approximately one mil-
lion years ago (Fig. 3).

The significance of pseudogenes is unknown. As
suggested by Proudfoot and Maniatis (1980) and
Lacy and Maniatis (1980) pseudogenes may be a
natural consequence of the existence of multigene
families. The inactivation of one of a pair of dupli-
cate genes would not normally be lethal. The thus
inactivated pseudogene could subsequently either
be rescued by correction or evolve as nonselected
DNA.

There is a complete spectrum of known pseu-
doglobin genes that illustrates this progression. The
pseudo «a globin gene is an ancient pseudogene that
has been multiply inactivated (Proudfoot and Man-
iatis 1980). Mutations are so widely distributed



throughout the sequence of the pseudo « globin gene
that its correction would require the replacement of
the entire sequence. For all practical purposes the
Pseudo « gene can be regarded as irreparable. The
bseudo 3 globin gene is an ancient pseudogene in a
similar state of advanced decomposition (Chang and
Slightom 1984; Harris et al. 1984). 5-Hemoglobin
Is a minor $-like hemoglobin in humans. However,
In Old World monkeys (e.g., rhesus and colobus),
where the § gene became inactive relatively recently,
the number of mutations inactivating the gene’s
€xpression is moderate (Martin et al. 1983). The §
globin gene is thought to result from correction of
a preexisting pseudo S globin gene, in which case
the corrected gene was subsequently maintained in
the human lineage but reinactivated in monkeys.
Relative to the time of inactivation of the pseudo
d globin gene in monkeys, the human {1 globin gene
was inactivated very recently (Fig. 3). This gene was
converted by the functional (2 gene sequence in re-
cent times, and presumably future conversion and
correction of the {1 gene can be anticipated. Perhaps
we are observing the earliest steps in a process that
decides whether a duplicate gene will continue to
function or will ultimately escape correction long
enough to result in a virtually irreparable pseudo-
gene. Alternatively, the {1 gene could be selected
for under some circumstances and selected against
in others. In this case we predict that the {1 genes
will be polymorphic with respect to structure and
function in human and chimpanzee populations.
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