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Summary. The D N A  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 terminat ion 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 o f  
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 g'2 and ~'1, have sequences cor- 
responding to that o f t h e  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et al. 1980; B. Chapman,  unpublished data).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 o f  the 
two genes differ by only three point mutations.  Two 
of  these mutat ions result in amino acid replace- 
ments, and one muta t ion  converts the sixth codon 
from that  for Glu in the ~2 to a terminat ion codon 
in the ~'1 gene (Fig. 1). The absence of  third-position 
synonymous mutat ions in prote in-coding  regions 
suggests that  this pair of  genes has undergone a very 
recent gene convers ion  event (Proudfoot et al. 1982). 
The inactivation of  the human  ~'1 gene probably 
occurred even more recently. Both genes are tran- 
scribed in X e n o p u s  oocytes (Proudfoot et al. 1984). 

The unusual introns o f  this pair o f  genes also 
exhibit interesting differences (Proudfoot et al. 1982). 
Each gene, as is typical o f  other globin genes, con- 
tains two introns. The first intron of  the g'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 ~'I gene. In addit ion 
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 o f  a 5-bp element 
(Fig. 1). There are 35 tandem copies o f  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 to restriction fragments used to construct M 13 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, Ssl I; a, Alu I; r, Rsa 
I; h, Hae III; t, Sau 3A; p, Hpa II; b, BG1 II; d, Dde I; m, Sma I 

T o  o b t a i n  a d d i t i o n a l  i n s i g h t  i n t o  t h e  e v o l u t i o n  
a n d  i n a c t i v a t i o n  o f  t h e  h u m a n  ~'1 gene ,  we  h a v e  

s e q u e n c e d  t h e  c h i m p a n z e e  ~'1 gene .  T h e  r e s u l t s  o f  

t h i s  s t u d y  c o n f i r m  P r o u d f o o t  e t  a l . ' s  s u g g e s t i o n  t h a t  

t h e  h u m a n  ~'1 g e n e  w a s  r e c e n t l y  i n a c t i v a t e d  a n d  p r o -  

v i d e  a d d i t i o n a l  e x a m p l e s  o f  c h a n g e s  in  t h e  u n u s u a l  

i n t r o n s  o f  t h e  ~ ' g lob in  genes .  I n  a c o m p a n i o n  p a p e r ,  

we  r e p o r t  s e q u e n c e s  o f  o t h e r  p a r t s  o f  t h e  h u m a n  a n d  

c h i m p a n z e e  a l p h a - l i k e  g l o b i n  g e n e  c l u s t e r  ( S a w a d a  

e t  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 MI3 strains 8, 9, 10, and I 1 as indicated in Fig. 1. 

The unusual sequences present in the introns proved to be 
refractory to the M 13 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. (I 977) 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 - 9 0 0  to -200,  is 
presented for completeness, but without the accuracy required 
for an analysis of the divergence of human and chimpanzee DNAs. 

R e s u l t s  

Sequence Determination and Overall 
Gene Structure 

T h e  o r g a n i z a t i o n s  a n d  r e s t r i c t i o n  m a p s  o f  t h e  a l p h a -  

l ike  g e n e  c l u s t e r s  in  h u m a n  a n d  c h i m p a n z e e  a r e  v e r y  

s i m i l a r  ( L a u e r  et  al.  1980;  Z i m m e r  e t  al. 1980) .  I n  

p a r t i c u l a r ,  t h e  h u m a n  ~'l g e n e  m a p s  a b o u t  4 k b  5' 



to the human  ~ka gene. We identified the chimpanzee  
~'1 gene by its posi t ion relative to the ch impanzee  
~b~ gene (Sawada et al. 1983). We do not  show the 
Supporting mapping data here, as the sequences 
flanking the huma n  ~2 and ~'1 genes are entirely dif- 
ferent (Proudfoot  et al. 1982). The  base sequence o f  
the chimpanzee gene repor ted here unambiguously  
identifies it as the ~'1 gene. 

The D N A  sequences of  the chimpanzee  ~'1 gene 
and additional D N A  flanking the chimpanzee  and 
human genes were de termined  by the strategy de- 
picted in Fig. 1. The general organization o f  the 
chimpanzee ~'1 gene is the same as that  o f  the human  
~-1 gene (Proudfoot  et al. 1982): It consists of  three 
exons and two intervening sequences. In addit ion,  
a full length Alu family m e m b e r  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 o f  Alu family repeats is the topic 
o f  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 o f  the sequence that affect the 
expression o f  the gene. For  this analysis we compare  
the sequence o f  the chimpanzee  ~'1 gene with Proud-  
foot et al.'s sequences o f  the nonfunct ional  human  
~'1 gene and the closely related functional human  ~2 
gene (Figs. 1 and 2). 

Coding Regions 

The  globin-coding regions o f  these three genes differ 
f rom each other  by a small number  o f  point  mu- 
tations (Figs. 1 and 2, Table 1). The  human  ~'1 gene 
has been inact ivated by a single point  muta t ion  in 
codon 6 that changes the Glu codon o f  human  ~2 
to a terminat ion codon in human  ~-1 (Fig. I, Table  
1). Codon 6 o f  the chimpanzee  ~'1 gene codes for 
Glu, as it does in the functional human  gene. This 
is direct phylogenetic evidence that  t he  inactivation 
o f  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  mutat ions  between the 
two recently conver ted  human  genes (Proudfoot  et 
al. 1982). This  small numbe r  o f  synonymous  mu- 
tations is consistent with the known divergence t ime 
o f  huma n  and chimpanzee  and the rate o f  third- 
position substitutions. Each gene has one replace- 
ment  muta t ion relative to the other  two genes (Fig. 
1): Codon  7 o f  the human  ~2 gene is different f rom 
codon 7 of  the chimpanzee and human  t l  genes, 
codon 75 o f  the chimpanzee gene is different f rom 
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Table 1. Differences in the exons of the human ~ (H~2), human 
~'1 (H~'I), and chimpanzee ~'1 (C~I) genes [see Fig. 2 and Proudfoot 
et al. (1982)] 

Amino 
acid 
posi- 
tion 

Base (X) Amino acid 

Codon H~ H~'I C~'I H~2 H~'I C~'I 

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 o f  either human  gene, and codon 126 o f  the 
human  ~'1 gene differs f rom codon 126 o f  the human  

and chimpanzee  ~-1 genes (Table 1). The  rate o f  
replacement  muta t ion  in selected globin genes is 
est imated to be 0.1% per mill ion years [reviewed by 
Lacy and Maniatis (1980)]. The  low level o f  replace- 
ment  muta t ion  observed in the chimpanzee  gene as 
compared  with the two h u m an  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 o f  the intervening regions o f  the 
zeta globin genes is the presence o f  long arrays o f  
tandemly repeated oligonucleotide sequences. The  
first intron o f  all three genes consists o f  a long 
unique sequence o f  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 o f  this 14-nucleotide-long element  is the 
same in the c h i m p a n z e e  an d  h u m a n  genes: 
A C A G T G G G G A G G G G .  The  length o f  the t andem 
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 o f  these tandem repeats are 
identical in chimpanzee  and human,  they are not  
necessarily identical sequences. There  is 18% di- 
vergence between 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 o f  three 
repeat units between the h u m an  and chimpanzee  
tandem arrays (Fig. 2). The  divergence could be 
further reduced by additional rearrangement o f  these 
repeat units. This implies that the length o f  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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human 5ag~tct~cagK~tgaagat~tt~a~ctgt~ag~g~ggatggggg~a~gctt~tgauxxag~aa~aaag~atcagtgtgtgaa&atg~attttct~ 
chimp ~a~tctg~a~tEaagatgt~g~ag~tgt~aE~ggg-atggggg~B~EcttE~t~acE~;1g~aa~g~aaagcatcagt~tgt~aagat~tatttt~tc 

-1400 : 
= �9 I �9 �9 �9 �9 

TTTTTTTTTGAGACGG~GTCTCGCTCTGTTACCCAGGCTGGAOTGCAGTGG ...................... 
human tcttt~ta~attattatLt~-attttatttttt-ct~a~ca~aa~t~t~tgt~a~agg~t~agta~a~ttatac~ctcat~a~aac~ae~ag 
chimp tcttt~tattattattatt~t~attttattttttt~t-agE~a~aacctcg~tct~tc8~ceaggct~agtg~a~t~atEca~ct~at~a~aa~a~gag 

-1300 1 
�9 a �9 a �9 

......................... GCCACCACGCCCAGCTAATTTTTOTATTTTTAGTA OGCCGGGCGC 
human ~ca~ca~a~a~ggc~atgaEcaag~ac~acgc~agccttttttt~ttgttttaaaa~at~ct~atttaaaaaag~t~t~atg~gE~a~ 
chimp 6ca~cac~t~e~c~at~a~aa~a~acK~ag~tttt~tt~ettgttttaaaaaat~t~$aattaaaaaa8at~tg~ttg~eg~K~ac 

-1200 : 

GGTG~CTCACGCCTGTAATCCCAGC~CTTTGGGA~GCCGAGGCG~CGGATCACCTGAGGTCAGGA~TTCGA~ACCA~CCTGGCCAACATG~T~AAA~CC 
human ggtggt~a~g~t~a~aat~aget~t~tcg~agg~gag~agg~agat~a~tgaggg~aagagttcga~aecag~t~g~aa~atggtgaaatt~ 
chimp ~tggtt~a~gct~ataatccca~acttt~g~aZL~c~a~ca~ca~at~a~t~ag~t~aaga~ttc~a~a~ca~c~tg~cca~at~t~aaattc 

-1100 1 

CGTCTCTACTAAAAATACAAAAATTAGCTGGG C0 GGTGGCGCATOCCTGTgATCCCAGCTACTCOGGAGGCTOAOGCAGGAGAATCGCTT~AACCCGG 
human cat~tgta~taaaaata~aaaaattag~caggc~gtg~tggtgegtge~tgtaat~agctact~aggaga~t~aagca~gaEaat~a~tt~aac~cag 
chimp ~at~tgt~taaaaataaaaaaatta~a~E~g~ggtEKtE~t~c~tKt~at~eaEcta~a~Ea~a~tEaaE~ag~a~aat~a~tt~a~ 

-I000 I 

G~GGCGGAGGTTGCAGTGAGCCGAGATT:~GCCACTGCACTCCAGCCTGGGTAACAGAG~OAGACTCCGTCTCAAAAAA 
human ~aggcaga~t~gcagt~g~t~aaaatcatg~ca~a~act~cagt~tgggaga~a~a~aaga~t~cabc~ca~aaacaaa~taa~aaa~aaaatt~t~ 
chimp gagg~a~a~gttg~agtgggtcaaaatcg-g~a~ac~ctccagt~tgggaga~a~agaa~gact~at~tcagaaacaaac~aa~aaa~aa~ttttt 

" - 9 0 0  1 

human atatctacct~taaLt~gtataaabttaaaata~tg~ataaaat~taccctttgcaagc~acgtactaa~taa~ag~aa~a~att~ageaeatagaaa 
chimp atat~ta~et6taatt~ta~a~tttaaaata~atg~ataaaat~ata~tttg~aag~acacgtactaa~taaaag~aatatattcaa~ac~tcgaaa 

-800 I 

human tggt tgtc taacgga gagggggagttaataaacagagaggataaaaa aaataaatcagtagagctggacagagggtetcctccaggctgcgatgagaac 
c h i m p  t~gttgtctaatgga-gagggggagttaataaa~agagag~ataaaaaaaaataaatcaataga~ctgga~agtggggaga~a~ag~ctg~gat~agaa~ 

-700 I 
a �9 �9 a � 9  a �9 �9 

human atagtga~cagaatt ~aE~c~g~atga~c~a~tctEtgagEag~gg~ctcc~aa~a~g~tttc~g~$~agt~c~c~a~a-t~tcccct 
chimp ata~t~a5~aEaat~-ca~cct6~at~a~ct~accttct~t~aggagtc~a~t-ccaa~ac~ctt~c~tg~c~a~gtgc~tg~ctcaga~t~tc~cc~ 

-600 I 
�9  

huma~ ~aag~a~tggagCagaa~e~aga~gag~t~att~a~gt~agggggctg~a~eggagg~gg~aga~gtg~g~et~a~tgt~a~aet 
chimp 8~agg~ta~t~agga~aa~caga~gagc~tcatt~a~gt~a~gg~g~tE~a~aggEEagg~gga~aggtE~gtc~tt~a~tgtga~a~t 

-500 

human ~g~tcc~actttctct~tag~gggtc~gtttcctcattt~c~aaa~t~a~tcataa~g~gggc~a~a~aa~ttt~a~t~aa~aggaat~gatcg 
chimp ~Et~cca~ttt~tc~taggg~Et~tcggttte~tcat~tgcaaaactg~agct~ataaEE~ggg~ag~aagt~t~agtgaagtgag~atg~atcg 

-COO ! 

human t~C~t~tg~a~c~atgt~tctag~tca~tgtcat~a~gga~agg~agg~aagga~a~t~act~t~gg~a~t~EEgct~g~tga~ 
chimp t~cct~t~aggE~at~tg~tctagg~a~tgtcat~a~a~aca~gga~tcaa~gaeagtt~t~ctgagg~a~cggg~gg~tga~ 

-300 

human a~tg~a~tctcat~cca~attEE~gc~ccaatct~c~t~aag~t~ggg~tccag~t~t~actcag~ggtggg~agaa~g~gagaca~aagc~atagg t 
chimp a~gtgga~t~tcat~cc~ag~ttgggg~c~aatctccctgaa~tgg~g~t~ag~tgtgact~aggggtgggcagaaggggaga~agaag~gataggt 

-200  1 

human t cc t cageceecag t ccca  . . . .  cctgagggeooctttgboaotggatctgataagaaacaccaoooetgcagcoecctccccteacctgaCCAATEg ~ 
chimp tcctcagcccccagtccca .... cctgagggcccctttgtcactgEatetgataagaaacaccacccctgcagccccctcccctcacctgaCCAATggcc 

-100 I 

human aeagc~tggetgggeccag~t~tgTATATAAgg~ga~ctggg~g~tgag~a~ta~aa~g~a~t~ctgagcagg~caact~agtg~a~gc~ 
chimp s~tg~t~gg~a~ct~taTATATAAgg~ac~tggggg~tgag~a~ta~aa~g~agt~tgagcagg~aa~t~aEt5~ag~g~ 

o~ 

ini~r]euthr~ysthrter~ythr~i~eva~erm~ttrpa~a~y~i~e~erthrg~na~aaspthri~e~ythr~]uthr~e 
human ~c~ct~c~g~at~t~tctgaccaa~a~tta~g~ga~at~attgtEt~cat~tgg~aaEatct~a~EcaEE~c~a~a~tc~E cacegagactct 
chimp a~t~c~atgt~t~t~a~aaZa~tEa~Eg~a~ca~cattEtEt~ca~tgE~aa~at~t~cacgcag~e~Eacac~atcgg caccga~actet 

g l u  100 : 
ugluar[ IntroD I @ �9 �9 

human ~a~a~tgagt~t~a~atg~a~a~a~a~t~g~tEE~ag~c~tatgt~a~t~g~a~a~tEEE~a~cgg~ag~L~6agg~a~ ..... 
chim~ g•aga•gtga•t•t•a•ac••ga•t•c•a•a•s 

200 I 
-> -> 

human ..................................... cgtggggaggggacagtgagtaggggacagtggggagg--acagtggagaggggacagtgagg 

chimp ~gE~aca~tga~aa~a~gaca~taagg~g~g~c~t~gg~aggg~aca~t~a~t~E~acag~a~aggacaKtgga~agg~gaaagtga~ 
300 [ 

human ~gaoc~tgggaagggga~g~agtgggga~a~tgaggag~gga~atagg~agggga~a~tggggagggga~agtg-~ggaggg~ac~gtgggga 
chimp aggggac~tgg~aagg~ga~gt~ga~tggg~a~agt~aggag~C-Bec~agggga~ggacagtggggaggggacagt~aggagggga~gtgggga 

400 I 
�9 l ~ l g@ #a �9 | a �9 

human Egg acagtg-aggaggg a~tg~gg-a~a~a~a~t~-ag~a~ga~ta~gga~gga~a~t~a~a~g~g-a~cgtg~&~-a~g~ga~a~tga 
chimp g~g-a~a~tg~a~a~EEa~t~g~a~gaga~a~tg~ag~ag~gga~t~ag~a~ga~agtgga~gaggggacagtgg~ggagagg~agtga 

ch~mp ~a~a~gEEa~a~gga~acaca~tg~a~actgt~g~a~-~ata~tgaa~gaagCga~t~g~aca~t~ ............. 
500 

. . . .  ggE~azEEKae agtgagEagg~E .... Egg aE:-~-~;gg a cag t g:-:~g ~'~ggga c tgtggggaEag~acagtgag~ag~ggacca Eggggazggcacagtgg 
ehlmp ............................. gag~a aggac agt ggaggagggac t E% EgggaEaEga c azt gagEac~ggac e a t EggU.sgggc soak tgg 

600 
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human g~aggg~a~agtgaggaaggga~agtga~gagg~a~tg~g~ggagg~a~agtggaga~agatag~tt~t~t~agtgaggagggcagggtaagga~ 
Chimp ggaggggagagtgaggaa•ggacagtgaggaggggactgtggggaggggacagtggggacagatag•gttccct•tcagtcaggaggg•agggtaaggag 

70O 

human ggaacgattaggagttgcacaaccat•tgggct•gctgaga•ct•gg•aggcacaggcc•aggttctgacaagcagagggtgaaaggttt•gtt•ta•gc 
Chimp ggtacgattaggagttg•acaaccatc•gggct•gctgagac•tgggc•gg•acagg•••aggtt•tgacaag•agagggtgaaaggttt•g•t•tagg• 

800 

human ctgaa~g~cttacagggcagccag~cactacagc~t~taaagtcccagcatctgggatcaggg~actgt~cagc~tcaaatt~ccagcat~t&atcc 
Chimp • t gaagggcc t tacagggcag• •agggcag tacagc • t c taaaa tcccagca tc tggga t •aggg•a • •g t c • •agcg t •aaa t t c •cag •a t • t ga tcc  

900 1 

human cctgggaggggccagggagc tttt••ttccctggaa•g•tg•t•ggaggt•atgag••tgcagaaggggtggcggg•aa•c•agtctggggctgggaggg 
chimp cctgggaggg-c~agggagcttttccttccctggaacxxtgctgggaggtcatgagcc~gcagaaggggtggcgggcaacc~agtc~gggg~tgggaggg 

1000 1 

human aggtc•tgtgg••agaggagacggtggagggg•tggggg•accaggcgtgctggagg•ggagggcgggagatttggg•accagg•tgeacagaacccgtc 
Chimp a~gt~ctgtggc~gaggaga~g~tggagggg~tg~gg~a~ag~gtg~tgga~g~ggaggg~gggaga~ttgg~ga~a~gctg~a~a~aac~c~tt 

1100 I 
a �9 �9 �9 �9 

human g~aag~a~at~ag~gg~a~tgc-g-g~tggg~g~ct~tag~-aggg~a~ct~gga~g~gcagct~c~t~g~ac~ggg~cc~g~gag 
Chimp ~gaagca~gg~at~ag~gggagctg~agaggcctg~ggg~t-tagc~agggcag~t-~gaggggcagctg~ctggg~a~g~c~ccgcgag 

1200 I 

human ~aggggctgggg~tg~tg:ggggt~g~agatgtgteccggtgct~ggagagggccgcaggg~g~gtgggccgtggcgggagg~g~gct~tgggagct 
Chimp -agggg•tggggc•tgctgtggggtcgcagatgtgtc•cggtgct•ggagaggg••g•agggcg•gtgggccgtggcgggag•ccgcgctgctgggagct 

1300 1 

lntron 1 ]gleupheleuserhisproglnthrlysthrtyrphcprohispheaspleuhisproglyseralaglnleuarg 
human ca~gg~ccc~g~ccc~gtc~caggct~ttcctcagc~a~cgcaga~aaga~ta~ttccc~actt~acctgca~cc~ggtc~g~g~agttg~gc 
Chimp ca~ggcc~cg~ec~g~c~agg~t~ttcctcagc~ac~g~aga~caagacctacttcc~g~actt~ga~gcaec~ggggt~gcg~agttgcgc 

laO0 1 leu 

a~a~isg~yser~ysva~va]a~aa~ava~g~yaspa~ava~ysse~i~easpasp~eg~yg~ya~a~user~ys~euserg~u~euhisa~atyri 
human g~ca~gg~tc~aag~tgEtg~g~gtggg~gacg~gg~gaagag~a~gacga~atc~c~g~gc~gt~aag~tgag~gag~t~cac~taca 
chimp •c••acggctccaaggtggtg••t•••gtggg•ga•g•ggtgaagag•at•ga•aa•at•gg•gg•g•••tgt•caas 

1500 I ala ash 

leleuargvalaspprovalasnphelys[ intron 2 > > > $ �9 �9 ~ >e >* > >�9149 
human ~ctgcgcgtgga~ggt~aac~t~aa~tgcg~g~g~g~g-gg~gg~g~g~g~gg~c~g~g--gg~--~----ggc~g~--~gg--~g~-g 
Chimp •••tgc••gtggacc•ggtgaa••tcaaggtg•gc•gggc•ca••g•gg•cggg••ggggcgggt•gg•agga•gggtggggtcg•g•gg•gggg---•g 

1600 I v a l  

chimp ggecggggggtccggcggg.gcggggtggggccgcggggcggggcgggggcgggggtecggagggccggggt . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
1700 1 

chimp . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
1800 1 

intron 2 ]leuleuserhiscysleuleuvalthrleu 
human g g o ~  t ~  t cgo~ge~&cc ~ c  t agg . . . .  g . . . . .  gcaetgagocg . . . .  cg . . . . . .  gctcctgt . . . . .  tgcctgctggt . . . . .  tE 
chimp ..................... gg~cccgggetaggccccgcccccgcactgagecgccec-gcccccagctcctgtcccactgcetgctggtnaccctg 

1900 1 

~ l a a l a a r g p h e p r ~ a l a a s p p h e t h r a l a g l u a l a h i s a l a a l a t r p a ~ a l y s p h e l e u s e r v a l v a ~ s e r s e r v a l ~ e u t h ~ g ~ u ~ y s t y r a r g T E R  
human g•c••g•gctt••••g••ga•tt•a•gg••gagg•c•a•g••gc•tggg•caagtt••tat•g•tcgtat••t•tgt••tga••gagaagta••g•tgag 
chimp gc~g~g~g~tt~c~cg~cgacttca~ggccgaggc~a~gc~gcctgggacaagttc~tatc~gtcgtatcct~tgt~ctgaccgagaagtaccgctgag 

2000 ] asp 

human egccgcctocgggaccoecaggaoaggctgcggcccctcccctgoocttctcnctcccacagttcctgccctgact . . . . . .  ccAATAAAtggatgagga 
ehlmp cgecggttccgggacccecaggacaggctgcggcccctcccntgcccttctcectcccaeagttcctgccetgact ...... ccAhTAAhtggatgagga 

2100 1 

human cggagcgatctgggctctgtgttctcagtattggagggaaggaggggagaagctgagtgatgggtccgggggctteg aggaactcggtcgtccccactg 
chimp oggagcgatctgggctctgtgttctcagtattggagggaaggaggggagaagctgagtgatgggtccgggggct cgcaggaactcggtcgtggggactg 

2200 I 

human tegtcgcggcetggggttcacttggggggcgccttggggaggttctagcc 
chimp tcgtcgcggcctggggatcaattggggggcgccttggggaggttctagcc 

2300 

Fig. 2. D N A  sequences of  the human and chimpanzee f l  genes, compared according to the numbenng system of  Proudfoot et al. 
(1982). Differences are marked by asterisks (*). The full-length and partial Alu repeats (ca. bases - 9 0 0  to - 1 3 0 0 )  are compared with 
the genomic consensus, indicated by superimposed capital letters (Schmid and Shen 1985). Promoter and polyadenylation signals (ca. 
positions - 5 0  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 f2 and ~'1 genes 
was an extremely recent event, one that certainly 
occurred after the divergence between human and 
chimpanzee. 
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~ Functional 
r human gene (i~2) 

J Human 
pseudogene (~1) 

f 
I nac t i va t ion  

I Chimpanzee ({1) 

13.5 (SILENT CHANGES) 0 

I i i t i I 
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 ~ 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 5million years ago, one esti- 
mates that the human ~'1 and g'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), mRNA 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 g'l 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 
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throughout the sequence of  the pseudo a globin gene 
that its correction would require the replacement of  
the entire sequence. For all practical purposes the 
Pseudo a gene can be regarded as irreparable. The 
pseudo/~ globin gene is an ancient pseudogene in a 
similar state of  advanced decomposition (Chang and 
Slightom 1984; Harris et al. 1984). 8-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 
expression is moderate (Martin et al. 1983). The 
globin gene is thought to result from correction of  
a preexisting pseudo ~ 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 
8 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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