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ABSTRACT

We have recently prepared a recombinant library of goat genomic DNA and
have isolated clones containing the known goat globin genes. These include the a,
y, SC and $A genes. In addition to these, another s-like sequence has been
observed. In this communication we report the complete nucleotide sequence of
this gene, excluding a portion of the large intervening sequence. Several features
suggest that this is a non-functional or pseudoglobin gene. The alterations include
a frameshift mutation, substitution of the heme-binding histidines, a mutated
termination codon, a change in the GT/AG excision sequence of the 5' end of the
first intervening sequence, an AT rich sequence in the 3' untranslated region, and a
mutated Hogness-Goldberg box. We conclude that this gene cannot function in the
synthesis of globin.

INTRODUCTION
We have recently cloned the globin genes of the goat (1) and have been

studying their structural organization in an attempt to determine how their

expression is regulated during development. Overlapping recombinants carrying
the genes for the major globins have been identified (2), including the y gene which

is expressed during fetal development, the SC or preadult gene which is switched

on just before birth and is expressed in the preadult, and the aA or adult globin

gene. Two other globin-like genes, $X and By, have been identified and these are

linked to the $C globin gene. In order to understand the nature of these genes, the

nucleotide sequence of one of these, the $X gene, has been determined and it is

concluded that this gene does not code for a functional globin protein.

METHODS

Propagation of recombinant bacteriophage and isolation of phage DNA was as

reported by Blattner et al (3) and Maniatis et al (4). Agarose gel electrophoresis

was performed as decribed previously (1). Polyacrylamide gel electrophoresis in

Tris-borate-EDTA buffer was performed as described by Maniatis et al (5). Bam Hi
cut Charon 4A and Hae m cut pBR322 DNA were used as molecular weight size
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standards for agarose and polyacrylamide gel electrophoresis. The isolation of
restriction fragments from agarose and polyacrylamide gels, end labeling of DNA
restriction fragments for DNA sequencing, and DNA strand separation have been
described elsewhere (2,6,7). Sequencing of end labeled DNA was performed as

described by Maxam and Gilbert (8) and DNA sequencing gels were prepared as

described by Sanger et al (9).
[a-32P] Nucleoside triphosphates were obtained from Amersham or New

England Nuclear. Restriction enzymes were obtained from Boehringer-Mannheim,
Bethesda Research Labs, Inc. or New England Biolabs and all reaction conditions
were as recommended by the suppliers. DNA polymerase I (Klenow fragment) was

obtained from Boehringer-Mannheim.

Sequencing strategy
The sequencing strategy is presented in Figure 1. Briefly, in order to obtain

sequence data of the first coding block and IVS-1, the 368 bp Hae III fragment was
end-labeled with DNA polyermase I (Klenow fragment) by 3' terminal exchange
using [a-32PI dGTP. This labeled fragment was then strand separated and the
complementary DNAs were sequenced. In addition, the two Pvu II sites were used

to generate free ends which were labeled by the 3' terminal exchange method after
blockage of terminal Eco Rl ends with dATP and TTP. The two large end-labeled
Pvu II-Eco Rl fragments and the separated strands of the smaller 156 bp Pvu II
fragment were then used for sequencing. The nucleotide sequence of coding block
2, the heme binding region, was generated by 3' terminal labeling at the Sal I site
and then sequencing in both the 5' and 3' directions. This sequence overlaps that
generated from the 368 bp Hae Ill fragment and also indicates that a small 37 bp
Hae III fragment joins the 368 bp and 790 bp Hae III fragments. Sequence

representative of coding block 3 was generated as described earlier (2) by labeling
at the Eco Rl site joining the 2800 and 1300 bp Eco Rl fragments and sequencing
in both the 5' and 3' directions.

RESULTS

The restriction maps of three recombinants derived from a partial Eco Rl
library of goat DNA are shown in Fig. 1. Two of these (clones 10 and 13) contain
the S or preadult globin gene of the goat. The amino acids coded for

by the nucleotide sequence of the SC gene correspond to those of the published
amino acid sequence and thus establish the identity of this gene (10). An additional
sequence designated Ox, which hybridizes to globin cDNA, is also found in clone 10

and in an overlapping clone (clone 6). Also, an additional hybridizing sequence, y,
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ijgure 1Restriction endonuclease map and nucleotide sequencing strategy

for the-- pseudoglobin gene. Three overlapping recombinants derived from
a partial Eco Ri library of goat DNA are depicted along with map positions
of Eco Ri and Barn Hi restriction enzyme cutting sites. The area of the goat
genome represented by these clones is shown below them with the globin
coding regions denoted by solid blocks. The 2800 and 1300 bp Eco Ri
fragments which together contain the OX gene have been eniaFije-d to
demonstrate restriction enzyme cutting sites pertinent to the present work.
The nucleotide sequencing strategy is shown beneath the OX gene enlarge-
ment.

is located 6 kb upstreamf from the OX gene, a total of 15 kb upstream from the O
gene. The recombinants containing these genes cover a total of 35.5 kb of the goat
genome.

T-he OX gene spans two Eco Ri restriction fragments 2800 and 1300 bp in

length, as determined by agarose gel electrophoresis. Southern transfer of an Eco
Ri digest of clone 10 DNA and hybridization to a 8-globin cDNA probe indicated
that both the 2800 and 1300 bp fragments contain globin coding sequences.
Preliminary nucleotide sequence data from the Eco Ri site between these two

fragments indicated that this region coded for a globin-like amino acid sequence
yet did not code for any known goat globin (2). We therefore obtained additional

sequence data in order to elucidate the specific nature of this 8X gene.
For this purpose, the 2800 and 1300 bp fragments were more extensively

mapped using various restriction endonucleases; restriction sites relevant to the

present work are presented in Fig. 1. These two Eco Ri fragments were excised
from recombinant clone 6 and separated by electrophoresis in order to obtain DNA
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11011 1 2011 130
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GAG GAG AMG G CC GTC ACC GGC TTC TGG GGC MG GTG MA GTG GAT GM GTT GGT GCT GAG GCC CTG GGC AGG TAGOTATCTCACTTACAAG
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B GCAGGCTGAGAGAGTGAATCAC-&TGMGEiCtTGGAAACATTGGGACGAGCATTG C CTG GST
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B ACAUGOT

T 280 300 320 340
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Val Tyr Pro Trp Thr Gln Arg Phe Phe Gl Ser Aso Lea Pro rAla AspAsp| Ile eGly Ala Lys Val Lys Al Arg
A ~~ ~ ~~~~401 1 1 0 1 1608 Val Tyr Pro Trp Thr Glx Arg Phe Phe Gl His Gly A x Le. Ser S r Al- A Ala Val Asx Ala LysVAs Lys Alalls
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1 7 17111011111 90

A Gly0 Lys V 1 Leu Asp Ser Phe Ser Asn MetfLy4 His Leu pjAspL Lu aGI Thr Als G1usLeu S,rOlGsluLou
AMG MGTG ACGT MC ATG CAT CTT YACAC ACC CA CTC CAC

460 480 500 520 540
0X MG MT CTG CAT GTC AGT CCT GAG MC ATC AGG GTGAGTCTACAGGATCTTATGTTCTCTATC.ossossLILsI=AA, AGTTCTAT

Lys Asn HRsVal| Ser r GuAs Ile Arg
1 1001

A Asp Lys His ValsAsp As Phe Lys
B GAT MG CTG CAC GTG GAT CC

560 1100 1140
0X CAT-b--------/530bp ---COTCGOTMATATGTCTTTGTTTCTysACCCTTCCCACAAMA ATAle ATT

110
0LuGI Asx Val Lsu Val Val

1180 Eco Rl 1220
8X ACA CTG GTT CAA AAC TTT GGC AGO FCA TTCIACC CTA GAG TTC CTA GLCC TAT CCA GTG GCT GOT TG GOT MAT 00 Tc

Thr Val Gln Asn Pheb Ar Glu Phe Thr Leu Glu Phe Leu laAla Tyr Pro Lys Val Yal Ala Gly Val Ala Asn Ala Lou Ala
II1120111 113011 ~~~~~~~~~~~~~~~~~~~140

Val Ala Arg His HislSe Glu Phe Thr Pro Leu Leu Glu a Clu Phe Glu Lys Val Val Ala Gly Val Ala Asn Ala Leou Ala
A GCT CGC CAC CAT GAA TTC

1260 Bam H1 1300 1340
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Tyr Lys Tyr His Trp Asp Pro Ser Leu Phe Leu Stop
150

A His Arg Tyr Ri Stop

1380 pA 1415
4 TACATTAACAGMAATTMTCATGGTGTACATATATCCCCTTTCATTTCMAATCCCCCTTCC
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specific for this region. In addition, the 5' end of this gene (i.e. the left hand Eco

Rl-Sal I fragment of the 2800 bp Eco Rl fragment) was subcloned into pBR322 to

facilitate the preparation of fragments required for sequencing. A Hae III

digestion of the 2800 bp Eco Rl fragment followed by electrophoresis and Southern

transfer indicated that the 368 bp Hae III fragment hybridized strongly and the

790 bp Hae Ill fragment hybridized weakly to a B-globin cDNA probe. Therefore,
sequence data were obtained for the entire 368 bp Hae Ill fragment, the 3' end of
the adjacent 980 bp Hae Ill fragment and the 5' end of the 790 bp Hae III fragment

in order to supplement the sequence data already obtained in the vicinity of the

Eco Rl site joining the 2800 and 1300 Eco Rl fragments.

The nucleotide sequence of the X gene is depicted in Fig. 2. Where it has

been determined, the nucleotide sequence for the OA globin gene is included for
comparison. An ATG codon for the chain-initiating methionine residue is found 18

nucleotides downstream from the 5' Pvu II site at nucleotides 44-46. Commencing

at this point, amino acid assignments can be deduced from the nucleotide data.

Within or immediately following codon 11, a single base insertion has shifted

the remaining translational reading frame such that two in-phase stop codons are

created 11 and 15 codons downstream. Therefore, in the event that an mRNA

transcript is synthesized from the Ox gene, translation of the mRNA would result

in a non-functional globin polypeptide due to the frameshift and the resultant

premature chain termination. If this insertion were not present, a polypeptide
sequence would be encoded as represented in Fig. 2. The amino acid sequence
deduced for OA globin is also shown and shared identical amino acids are

represented with boxes in this figure. IVS-1 begins at nucleotide number 138 since,
beyond this point, the codons no longer code for globin. This results in a coding
block 1 for Ox which is 31 amino acids long; the same region in OA is only 29 amino
acids long due to a 6 bp deletion with respect to Ox immediately following the

translation initiation methionine residue. Haynes et al (7) have shown that this
same region of the BC gene contains a 9 bp deletion with respect to the A gene

resulting in a 3 amino acid deletion in the SC globin when compared to BA-

Therefore, the OA gene has a 6 bp deletion and the Sc, a 15 bp deletion when

compared to the analogous region of the Ox gene. The translated sequence of the

Figure 2. Nuclgotide sequence of the Ox pseudoglobin gene and comparison
with the goat 0 globin gene. The nucleotide sequence of OX is displayed 5'
to 3' on the top line; the deduced B amino acid sequence is displayed on the
second line. The third and fourth lines display the OA amino acid and
nucleotide sequences respectively. Areas of shared nucleotide sequence
homology in the 5' flanking region are indicated with vertical lines; shared
identical amino acids are enclosed within boxes. Asterisks indicate highly
conserved amino acids in vertebrate globins.
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initial coding block is 62% homologous to the amino acid sequence of OA and 54%
Chomologous to that of B

The amino acid sequence of the heme binding region is flanked at either end
by a recognizable intervening sequence and is uninterrupted by chain terminating
codons. Although the nucleotide sequence of the BA gene is only known for the 3'
half of this region (2), several interesting observations can be made by comparison
of the published amino acid sequence of BA (10) with that deduced for BX. There

are 74 amino acids in the region between IVS-1 and IVS-2 in both BX and B A with
22 differences between them resulting in only a 70% amino acid homology (there is
also a 70% homology to the same region of BC). These differences are interspersed
among blocks of shared identical sequence. The amino acid sequences of both

polypeptide domains immediately following the 3' splice junction of IVS-1 is flanked
by a large stretch of identical sequence beginning with Leu-Leu-Val and continuing
for 13 amino acids. Nine amino acids in coding block 2 have been shown to be
highly conserved for most vertebrate globins (10); these are represented with

asterisks in Fig. 2. All nine are conserved in BA but in BX four have been altered,
including the two absolutely invariant histidine residues intimately associated with
heme binding at positions 64 and 93. It is possible to hypothesize single base
missense mutations of these codon triplets causing the alteration of histidine
at position 64 to an arginine and at position 93 to aspartate. Likewise, single base
missense mutations can account for the replacement of glycine at position 65 by
aspartate and the replacement of phenylalanine at position 104 by isoleucine.

The nucleotide sequence generated after fill-in labeling of the Eco Rl site
between the 2800 and 1300 bp Eco Rl fragments represents coding block 3 or the
carboxy-terminal portion of the globin polypeptide. Again there is marked
similarity between these sequences and those for BA (Fig. 2). A comparison of the
amino acids coded for by this region with the corresponding region of BA shows
about 55% homology. There are four highly conserved amino acids in this region
and all four are conserved in BA and BX. There is a recognizable intervening
sequence 48 bp on the 5' side of the Eco R1 site since the nucleotide sequences at

this point fail to code for globin-like amino acid residues. This position is identical
to the intervening sequence seen in the BA and BC genes and globin genes from
other species. Analysis of the sequence data generated from the Eco Rl site
leading in the 3' direction revealed the absence of a termination codon in the
position predicted from the amino acid sequence of known goat B globins (2).
Instead, a tryptophan codon is present (the result of a single base missense
mutation) and the nearest in-phase termination codon is located 21 bp, or 7 codons
downstream.
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Thus, if the single base insertion mutation at nucleotide 77 is neglected, a

globin-like polypeptide is encoded which does not correspond to any of the known
goat globins. This polypeptide is only about 65% homologous to either 8 or SC
goat globin when the entire amino acid sequences are compared. The genomic
coding sequence for this polypeptide is interrupted by two intervening sequences

precisely at the same points as those found in rabbit and mouse 8 globins. The first
IVS interrupts the coding sequence at amino acids 31 and 32 and is 125 bp in length.

Virtually all introns described to date have a G-T dinucleotide at the 5' end and an

A-G dinucleotide at the 3' end of the excised segment (11). The Ox IVS-1 does not

conform to this rule since it has a G-C instead of a G-T at its 5' border (nucleotide
numbers 137 and 138). Another notable exception to this rule is the mouse

immunoglobin J3 segment which is not found in any published myeloma amino acid

sequence, presumably due to an altered RNA splice point in its germ-line gene (12).

8X is also interrupted by a second intron approximately 650 bp in length (as judged
by restriction fragment sizing) between amino acids 105 and 106. The splice points
for this larger IVS conform to the GT/AG excision rule.

Nucleotide sequence data of the 5' untranslated region were generated from
the left hand Pvu Il-Eco Rl fragment after blockage of the Eco Rl end with dATP
and TTP and labeling at the Pvu II site. To resolve ambiguous nucleotide

assignments, this region was also sequenced from the 3' Hae III end of the 980 bp
Hae m fragment after end labeling and digestion with Pst I or from the 5' Hae III

end of the 368 bp Hae Ill fragment after strand separation to provide fragments
labeled at one end. The sequence data obtained are shown in Fig. 2 and for

comparison, the 5' adjacent regions of the adult A gene as determined by Haynes
et al (7) have been included; areas of shared identical sequences are represented
with vertical lines. There are numerous regions of homology between the 5' non-

coding regions of these two genes. Generally, as one progresses further in a 5'

direction away from the coding region, the homology between these two genes

decreases. Of particular interest is the 10 nucleotide segment at nucleotides -32

to -23 designated the Hogness-Goldberg box (13) which occurs in the same relative
position in many eukaryotic genes including mouse $maj (14), $min (15) and a

globin (16), ovalbumin (17), ovomucoid (18), silk fibroin (19), adenovirus major late
mRNA (20), preproinsulin (21), and the rabbit 8 globin gene (22,23), as well as the

goat 8 and y globin genes (7). This area is very similar to the procaryotic Pribnow
box (24), and may function in RNA polymerase binding (25). Within these 10

nucleotides, $x differs from 8A at three locations where single base alterations
have occurred.

A presumed transcription initiation position is designated Cap in Fig. 2. The
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location of the transcription initiation site is based on the finding by Weaver and
Weissmann (26) that the 5' end of the 15S globin mRNA precursor maps at the A
designated by nucleotide number 1. Mature globin mRNA contains the same 5'
sequence and since no larger precursor to globin mRNA has been found in erythroid
cells (27), it is likely that the 15S RNA is the initial transcription product and
supports the assignment of ACA as the transcription initiation site. In addition,
Luse and Roeder (28) have found that transcription initiation occurs at the Cap site
when the mouse a maj globin gene is transcribed by an in vitro RNA polymerase II

system. Haynes et al (7) have demonstrated that this area of the goat A,A C, and
y globin genes is so similar to those of the mouse that it too can be presumed to
contain the transcription initiation point for the a and y globin genes of the goat.
In the x gene, the region extending from 9 nucleotides in the 5' direction to 17
nucleotides in the 3' direction from the Cap site is highly conserved when compared
to the corresponding region of the aA gene. This area of homology is terminated in

aX by a 9 bp deletion located at the immediate 5' side of the Pvu II site in the

region between Cap and the ATG translation initiation codon at the 5' end of the
coding sequence.

Nucleotide sequence data of the 3' untranslated region were also obtained by
cutting the 1300 bp Eco Ri fragment with Bam Hi, labeling at the Bam Hi site,
then cleaving with Pst 1 to produce a suitable fragment for sequencing. This was

done in an attempt to identify possible transcription termination and poly( A)
addition signals. In the mouse a maj and min genes, and human and rabbit a genes
the hexanucleotide AATAAA is located 18 base pairs before the poly(A) addition
site (29). It is even found in Xenopus a globin mRNA 15 bp from the poly(A)
addition site (30), and also in the human, rabbit and Xenopus a globin and chicken
ovalbumin and mouse immunoglobin light chain mRNAs in close proximity to their
3' poly(A) ends (29,31). The chicken and rat preproinsulin genes also contain this
sequence in their 3' untranslated regions (32,33). In the mouse maj and amin
genes this hexanucleotide is located approximately 106 nucleotides downstream
from the translation termination codon. The actual poly(A) addition site in mouse
maj and rabbit and human a globin genes is represented by the triplet TGC (15).

The mouse amn gene appears to have lost the internal G and has only a TC pair at
the poly(A) addition site. The goat ax gene has a similar but presumably diverged
hexanucleotide (AATTAA) 105 nucleotides downstream from the altered stop
codon. Eighteen nucleotides downstream from this sequence is a TC couplet
possibly representative of a poly(A) addition site. Homologous sequence from the

aA gene is not yet available for comparison. This region in 8X is also unusually
AT-rich in comparison to the known 3' untranslated regions of mouse (15) and
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rabbit (22) globin genes.

DISCUSSION
The general structure of 8 globin genes consists of three distinct amino acid

coding blocks interrupted by a small 5' intervening sequence and a larger 3'
intervening sequence. Our nucleotide sequence data indicate that $X conforms to

this general structure but has diverged to such an extent that it could not function
in the synthesis of globin. This conclusion is based on the data summarized in Fig.

3. Within the 8 globin coding region several significant mutations occur: (1) the

early frameshift mutation with resultant in-phase nonsense codons, (2) the missense

obliteration of both invariant histidines, and (3) an alteration in the normal

translation termination codon. In addition, there are other suggestions that this

sequence represents a pseudoglobin gene; sequences coding for two significant RNA
xprocessing sites have been altered in 8 . These sites are (1) the ubiquitous

hexanucleotide in the 3' untranslated region of the mRNA which is thought to be

associated with poly(A) addition and (2) the universal GT/AG excision sequence at

the RNA splicing points for IVS-1.

Other alterations make it unlikely that this gene is even transcribed. The

Hogness-Goldberg box (13), a nucleotide sequence found at the 5' end of other

eukaryotic mRNA encoding genes and thought to be involved in the initiation of

transcription, is markedly altered in the BX gene. Both an A and T are replaced by
C's, eliminating the AT rich character of the sequence. If this region is required

for transcription, then these nucleotide differences may affect the expression of
this gene. While it has not yet been determined if an RNA is synthesized from this
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Figure 3. Diagramatic representation of the $X pseudoglobin gene.
Alterations discussed in the text are indicated at appropriate points in the
gene. Globin coding regions are indicated as solid black areas. Black
diagonal lines at the 3' end indicate additional amino acids past the normal
termination codon.
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gene in vivo, it is not transcribed in a cell-free RNA polymerase II system (34).
While it is possible that the alterations observed in Ox are due to cloning

artifacts, this is considered unlikely because of the extensive and diverse nature of
the changes seen. In addition, unexpected globin-like sequences have been found in

other globin gene clusters. A 8-like sequence designated 82 is located 6 kb
upstream from the rabbit adult globin gene (35,36). This gene has limited

sequence homology to adult and embryonic globin probes and a mature mRNA

homologous to this sequence has not been detected in adult or embryonic

erythropoietic tissue. Likewise, Fritsch et al (37) have described two genes within

the human globin linkage map (* 82 located 5' to the c globin gene and * 81

located between the yA and c globin genes) which have diverged considerably
from £, y and globin sequences. Similar unaccountable 8-like sequences have

been described within the mouse globin linkage group (38).

Nishioka et al (39) and Vanin et al (40) have described a mouse a globin-like
gene which has cleanly lost both globin intervening sequences. This pseudoglobin
gene has a distorted translational sequence with early in-phase termination codons,
and does not seem to be active in the production of stable mRNA in either adult or

embryonic erythrocytes. The human a-like globin gene cluster contains an a-like

sequence which does not encode any lnown globin polypeptide (41). Nucleotide
sequence data suggest that it also does not encode a functional polypeptide.

The origin of pseudogenes is unknown but some of them may arise following
gene duplication events. Since only one member of the resultant pair is required to

function, a deleterious mutation would not result in the loss of that sequence from
the gene pool. For OX it is difficult to estimate when the postulated gene

duplication event occurred. Based simply on amino acid sequence changes between

the aX and 8A genes (51 amino acid differences) the duplication occurred

approximately 250 million years ago (10). However, this is undoubtedly an

overestimate since the selective forces acting on an expressed sequence may no

longer act on OX to maintain a functional sequence. In this case one would expect

the divergence to be more rapid. By comparison, aA and BC diverged approxi-

mately 70 million years ago and y and the primordial diverged about 120 million

years ago.

The mutational process acting upon the Ox gene and responsible for most of

the alterations depicted in Fig. 3 appears to be one of point mutations and not of

insertions or deletions. This is surprising in light of the finding by Konkel et al (15)

that non-coding sequences, such as flanking and IVS-2 sequences, diverged rapidly

by an insertion/deletion mechanism; therefore one might expect a similar process

to be acting upon a defective globin gene such as . We also find that the

4800



Nucleic Acids Research

"wobble" position of Ox has not diverged more rapidly than other codon positions,

but this is also true for comparisons of A/8C (unpublished observations) and

8maj/,min (15). In spite of the defective nature of this gene, it remains a

possibility that the 8x sequences have been preserved to serve some other role,

possibly regulatory in nature.
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