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ABSTRACT Human terminal deoxyribonucleotidyltrans-
ferase (nucleoside-triphosphate:DNA deoxynucleotidylexo-
transferase, EC 2.7.7.31) ¢cDNA contains an open reading
frame of 1530 base pairs (bp) corresponding to a protein
containing 510 amino acids. The encoded protein is a template-
independent DNA polymerase found only in a restricted
population of normal and malignant prelymphocytes. To begin
to investigate the genetic elements responsible for the tissue-
specific expression of terminal deoxyribonucleotidyltransfer-
ase, genomic clones containing the entire human gene were
isolated and characterized. Initially, cDNA clones were iso-
lated from a library generated from the human lymphoblas-
toid cell line, MOLT-4R. A cDNA clone containing the entire
coding region of the protein was used to isolate a series of
overlapping clones from two human genomic libraries. The
gene comprises 11 exons and 10 introns and spans 49.4
kilobases. The 5’ flanking region (709 bp) including exon 1 was
sequenced. Several putative transcription initiation sites were
mapped. Within 500 nucleotides of the translation start site, a
series of promoter elements was detected. “TATA” and
“CAAT” sequences, respectively, were found to start at
nucleotides — 185 and —204, —328 and — 370, and —465 and
—505. Start sites were found for a cyclic AMP-dependent
promoter analog at nucleotide — 121, an eight-base sequence
corresponding to the IgG promoter enhancer (cd) at nucleotide
—455, and an analog of the IgG promoter (pd) at nucleotide
—159. These findings suggest that transcripts coding for
terminal deoxyribonucleotidyltransferase may be variable in
length and that transcription may be influenced by a variety of
genetic elements.

Expression of the template-independent DNA polymerase,
terminal deoxyribonucleotidyltransferase (terminal transfer-
ase; nucleoside-triphosphate: DN A deoxynucleotidylexotrans-
ferase, EC 2.7.7.31) is tissue-specific. Activity is normally
restricted to prelymphocytes of marrow and thymus (1, 2).
Strikingly elevated levels of terminal transferase are de-
tected in malignant prelymphocytes (3). The primary struc-
ture of terminal transferase is highly conserved. Compari-
sons of terminal transferase cDNAs isolated from calf,
mouse, and human libraries reveal a sequence homology of
>80% (4).

Terminal transferase can synthesize DNA without a tem-
plate, and it has been postulated that this enzyme may play
a role in creating somatic diversity at recombination junc-
tions of variable, diversity, and joining regions of immuno-
globulin and T-cell receptor genes (5). This hypothesis has
been supported by data correlating the existence of N
regions (small numbers of nucleotides not coded for by the
chromosome) with the expression of terminal transferase
mRNA (6) or protein (7) and with the insertion of the
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terminal transferase gene into a cell line that rearranges an
immunoglobulin gene but lacks the enzyme (8). However,
the precise mechanism by which this enzyme may function
in this or other cellular processes is not understood.

To begin to approach some of these questions, we have
elucidated the entire structure$ of the human terminal trans-
ferase gene from a series of overlapping clones isolated from
two genomic libraries constructed from germ-line DNA. In
addition, we identified several putative regulatory elements
in the 5’ flanking region of the gene.

MATERIALS AND METHODS

Materials. Radiolabeled nucleotides were obtained from
New England Nuclear, and unlabeled nucleotides were from
Pharmacia P-L. Biochemicals. Enzymes were from New
England Biolabs, International Biotechnologies (New Ha-
ven, CT), Collaborative Research (Waltham, MA), or Be-
thesda Research Laboratories. The human lymphoblastoid
T-cell line MOLT-4R was a gift of J. Minowada (Okayama,
Japan). Oligonucleotides were synthesized using an Applied
Biosystems (Foster City, CA) DNA synthesizer.

MOLT-4R c¢DNA Library Construction. Total polysomal
RNA and polyribosomes were isolated from 7 g of logarith-
mically growing MOLT-4R lymphoblasts (9, 10). Polysomal
RNA was extracted (11) and poly(A)* RNA was isolated
(12). Double-stranded cDNA was synthesized (13) by using
modifications of Gubler and Hoffman (14) and was inserted
into the Pst I site of pBR322 by homopolymer tailing;
annealed recombinant DNA was used to transform Esche-
richia coli K802 (15).

Isolation and Analysis of Clones from cDNA and Genomic
Libraries. The MOLT-4R cDNA library was used to trans-
form E. coli DG75. Oligonucleotide labeling, prehybridiza-
tion, and hybridization conditions were as described by
Woods (16).

Two human genomic libraries were used. A fetal liver
library was the gift of T. Maniatis (17), and a human
leukocyte genomic library was from Clontech Laboratories
(Palo Alto, CA). DNA probes were labeled with [a-3?P]
dNTP (18). Membranes were prehybridized and hybridized
at 42°C in a solution that included 50% formamide.

DNA from cDNA or genomic clones was characterized by
restriction mapping, Southern blot analysis (19), and DNA

Abbreviation: terminal transferase, terminal deoxyribonucleotidyl-
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sequencing of subclones in pBR322 (20) or in phage M13
vectors (21, 22).

Primer Extension and T4 DNA Polymerase Mapping of
Transcription Start Sites. For reverse transcriptase reactions
(23), two 30-mer primers corresponding to bases 18-47 and
43-72 in terminal transferase exon 1 were used. For T4 DNA
polymerase analysis, the technique developed by Hu and
Davidson (24) was used.

RESULTS

Isolation of Terminal Transferase cDNA Clones from the
MOLT-4R Library. The MOLT-4R cDNA library was plated
and screened (15). The 32P-labeled DNA probe used was a
synthetic 70-mer, constructed from the known cDNA se-
quence (25). From the original screening, 10 clones (5
full-length) were isolated. Clone identity was confirmed by
restriction digests, Southern blot analysis, and DNA se-
quencing (Fig. 1).

Isolation and Mapping of the Human Terminal Transferase
Gene. One of the largest cDNA clones [1770 base pairs (bp)]
was radiolabeled and used to screen a human (fetal liver)
genomic DNA library. From this primary screening, 14
overlapping clones were isolated. These were shown to span

Restriction map of human terminal transferase cDNA isolated from the MOLT-4R library.

the region from the 3’ end of intron 1 through the 3’ end of
exon 11.

Two additional library screenings were carried out, a
repeat screening of the fetal liver library and a primary
screening of a human leukocyte library. The probe used was
a genomic DNA fragment that was the most 5'-terminal
EcoRl restriction fragment. One clone from each library was
found to span the entire 5’ end of the cDNA and to include
nucleotide sequences of the regulatory region. The map was
constructed by Southern blot analysis using terminal trans-
ferase cDNA fragments and synthetic oligonucleotides as
probes (Fig. 2).

Gene Organization. The human terminal transferase gene
spans 49.4 kilobases (kb) of DNA and contains 11 exons and
10 introns. Almost 90% of the exons were located in the 3’
half of the gene. The exon-intron junctions (Table 1) were
deduced by comparison of genomic sequences with the
terminal transferase cDNA sequence. The splice junctions
are in good agreement with the consensus sequences (26).

The location and the sizes of the exon sequences are
summarized in Table 1. The first intron comprises >50% of
the gene length, spanning more than 29,000 bp.

5’ End of the Human Terminal Transferase Gene. We
sequenced both complementary DNA strands 709 bp up-
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FiG. 2. Structure of the human terminal transferase gene. The open bars indicate flanking regions that have not been completely mapped.
The locations and sizes of the 11 exons are indicated by vertical bars on the upper lines.
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Table 1. Exon-intron splice-junction sequences in the human terminal transferase gene
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Position in Sequence of exon-intron junctions*
open reading Size of
Exon frame exon, bp 5'-splice donor....intron....3'-splice acceptor

1 1-203 203 GCTCAG gtaggacagC........... cattttgcag TGATTC
2 204-378 175 CTTGTT gtagtgtcat........... aattgttaag GTGAGA
3 379-507 129 TTCACG gtaacggact........... tatcctgcag GATGCC
4 508-678 1 ATAGAG gtaagggtga........... tgtccattag GAGATT
5 679-750 72 TTCAAA gtaagtgatt........... tccattttag CTCTTT
6 751-874 124 AAGCAG gtaattgtct........... ggcectcttag GATTTC
7 875-1007 133 CCGGAG gtaattaact........... gaaaattgag GGGTAA
8 1008-1113 106 AAGAAG gtgagaagaa........... ttcttttcag GGATTA
9 1114-1362 249 CCTCGG ttgcegeegg........... tcctatccag CAGTTT
10 1363-1446 85 ACCAAG gtacagttcc........... tgttttcgag AGGATA
11 1447-1746 300t GCCTAG

*Upper-case letters signify exon sequence, and lower-case letters signify intron sequence.
TThis exon contains 84 bp of the 3’ end of the open reading frame.

stream from the translation ATG start codon (Fig. 3). A
number of putative regulatory elements were identified
(Table 2). Three ““TATA’ boxes (30) coupled with ““CAAT”’
sequences (30) were found to start at nucleotides —465,
—328 and —185. A region with a high degree of homology
with the core sequence found in cyclic AMP promoters (31)
was identified as starting at nucleotide —121. In addition, we
have identified two sequences that are implicated in promot-
ers in the immunoglobulin genes: a cd octamer element
starting at nucleotide —455 and an analog of the pd element
starting at nucleotide —159 (32).

The DNA sequence at the 5’ terminus of the terminal
transferase gene was analyzed for dyad symmetry by using
parameters set by Tinoco et al. (27), and three overlapping
sequences between —108 and — 158 were identified. Poten-

tial secondary structures could be generated between resi-
dues —158 and —108 (AG = -15.3 kcal/mol), —149 and
—122 (AG = -17.7 kcal/mol), and —136 and —110 (AG
—11.4 kcal/mol). The significance of such putative struc-
tures is not clearly understood.

The results of primer extension analyses are shown in Fig.
4. There was microheterogeneity 'in the DNA products.
Three sites (nucleotides —100, —200, and —400) appear to
be plausible, since the TATA and CAAT sequences are
within about 100 nucleotides of these regions (28, 29).

The T4 DNA polymerase ‘‘primer extension’’ also was
included because it has been designed for the structural
elements we found in the gene: a long distance between
exons 1 and 2 as well as a potentially long 5’ untranslated
region. These experiments revealed an untranslated DNA

-708 ATGGCTTGGCCCCTTATTCTGTGATCTTGAATAACTGAGCCTTGGTTCTCTTGCTTATAAAATGTACCTATGTAAGTGAACAGTGGTAATACCCACCATGAAATACTATG -800
GAGCAGTTAGAAGCAACAGAGCAATTAGAATACGGATCTGGAAAACATAGTTCCAAGTGAAATAAARAGG TGATTGGCAAAATGAGAAATGTAACAATGCLATTTATGTA
Msrcnmmcc;\cmacaccﬁ‘sc%ﬁmmmcmcAerAcAsrsmrsmercmcwsmmmscmmmsmem
AAAGGGEATCAATARRTAAAGACCACAGAAGGGCCTCAGTACATT TAGAANTARATARL ATGCAAACAATGATGCTTCCCTACCTTCCTCACGAGGTTACTCTGAGGAGC

rmsm:nsmcsurwmcwenmmncrsrcr;(lzmmmcrccmcrsAACAcccwcAcacmeem
-159 GGAAGCTGTTGCCAGGGCAGCACCTGTGAAGCCCTGGCCTGGCTTCAGAGTCTGCTGETGAGATGACATCAAAACCCTTCGTGTAGGAGEGTGECAGTCTCCCTCCCTTC ~50

dyads

TLGAGACACCACCAGQ;G.GGCCAGCCAGAGGCAGCAGCAGCCTCTTCCC?;‘—GTGATCCACCACGAGCGTCCCACTTGA_GCCCTCGGMGMGAGACCCCGGCAGACGGGTG
CCTTGATGGCCTCCTCTCCTCAAGACATCAAATTTCAAGATTTGGTCGTCTTCATTTTGGAGAAGAAAATGGGAACCACCCGCAGAGCGT TCCTCATGGAGCTGGCCCGC
AGGMAGGGTTCAGGG'ITGAAAA?EI?\GCTCAG'TGATTCTGTCACCCACATTGTAGCAGAGAACMCTCGGGTTCGGATGTTCTGGAGTGGCTTCAAGCACAGMAGTACA
AGTCAGCTCACAACCAGAGCTCCTCGATGTCTCCTGGCTGATCGAATGCATAGGAGCAGGGAAACCGGTGGAAATGACAGGAAAACACCAGCTTGTT'GTGAGAAGAGACT
ATTCAG'ATAGCACCAACCCAGGCCCCCCGAAGACTCCACCAATTGCTGTACAAAAGATCTCCCAGTATGCGTGTCAGAGAAGAACCACTTTAAACAACTGTMCCAGATA

+502 TTCACGGATGCCTTTGATATACTGGCTGAAAACTGTGAGTTTAGAGAAAATGAAGACTCCTGTGTGACATTTATGAGAGCAGCT TCTGTATTGAAATCTCTGCCATTCAC +611
AATCATCAGTATGAAGGACACAGAAGGAATTCCCTGCCTGGGGTC CAAGGTGAAGGGTATCATAGAG'GAGATTATTGAAGATGGAGAAAGTTCTGMGTTAAAGCTGTGT
TMATGATGAACGATATCMTCCTTCAAAVCTCTTTACTTCTGTATTTGGAGTGGGGCTGAAGACTTCTGAGAAGTGGTTCAGGATGGGTTTCAGAACTCTGAGTMAGTA
AGGTCGGACAAAAGCCTGAAATTTACACGAATGCAGAAAGCAG'GATTTC TGTATTATGAAGACCTTGTCAGCTGTGTGACCAGGGCAGAAGCAGAGGCCGTCAGTGTGCT
GGTTAAAGAGGCTGTCTGGGCATTTCT TCCGGATGCTTTCGTCACCATGACAGGAGGGTTCCGGAG'GGGTAAGAAGATGGGGCATGATGTAGATTTTTTAATTACCAGCC
CAGGATCAACAGAGGATGAAGAGCAACTTTTACAGAAAGTGATGAACTTATGGGAAAAGAAG'GGATTACTTTTATATTATGACCTTGTGGAGTCAACATTTGAAAAGCTC

+1162 AGGTTGCCTAGCAGGAAGGTTGATGCTTTGGATCATTTTCAAAAGTGCTTTCTGATTTTCAAATTGCCTCGTCAAAGAGTGGACAGTGACCAGTCCAGCTGGCAGGAAGG +1271
AAAGACCTGGAAGGCCATCCGTGTGGATTTAGTTCTGTGCCCCTACGAGCGTC GTGCCTTTGCCCTGTTGGGATGGACTGGCTCCCCTCGGEAGTTTGAGAGAGACCTCC
GGCGCTATGCCACACATGAGCGGAAGATGATTCTGGATAACCATGCTTTATATGACAAGACCAAGAGGATAT TCCTCAAAGCAGAAAGTGAAGAAGAAATTTTTGCGCAT
cT6 GGATTGGATTATATTGAACCGTGGGAAAGAAATGCCIX&GAAAGTGTTGJ&AACATTTTTTCCTI;TTCTTTTCMGWWTWWATGCWCATAWAGTAWG

ATGCCATAGGAGAGTTTGGGEI’TATTTAGGTCTTATTGAAATESQEATTGCTACTAGAAATAAATAACTTTGGAAACATGGGAAGGTGCCACTGGTAATGGGTMGGTTC
+ T dyad

+1712 TAATAGGCCATGTTTATGACTGTTGCATAGAATTC +1746
_ 7

F1G. 3. The sequence of the 5' regulatory region and the exons of the human terminal transferase gene. The ATG translation start codon
is underlined (thick bar) and designated + 1, and its termination is noted with e@e. The TATA and CAAT sequences are boxed. The potential
regulatory sequences (see Table 2) are designated by I (cd), II (pd), and III (cAMP promoter). The out-of-frame ATG is underlined by an open
bar, and its termination codon is designated by 000. Areas of dyad symmetry are underlined and enclosed with arrows. The exon splice sites

are marked by v.



2492 Biochemistry: Riley et al.

Table 2. Location and identification of potential
regulatory elements

Regulatory
element S’ Sequence 3'* Location?

TATA TATARAR Consensus (27)
TATA TATACA —465 to —459
TATA TAAATAA —328to —322
TATA TAAAAAT —185to —179
CAAT GGSCAATCT Consensus (27)
CAAT TAACAATGC —508 to —500
CAAT GATCAATAA —373 to —365
CAAT GGACAAATG —207 to —199
Cyclic AMP

promoter CTTACGTCAGAG Core sequence (28)
Cyclic AMP

promoter CTGGCTITCAGAG -121to —110

IgG promoter
enhancer (cd)f ATGCAAAT

1gG promoter
enhancer (cd)

IgG promoter G
enhancer (pd)8 TGCAGCTGTGNCCAG Core sequence (29)

IgG promoter
enhancer (pd) GGAAGCTGTIGCCAG —-159 to —145

*The underlined bases in the terminal transferase gene sequence are
mismatched from the consensus sequence.

1The adenosine of the ATG translation start site is designated +1.
Numbers in parentheses are refs.

#This octamer element has been shown to direct lymphocyte-
specific RNA synthesis when it is within 70 bp of the start site of
transcription.

$This 15-bp element has been associated with promoters in immu-
noglobulin genes.

Core sequence (29)

ATGCAAAT —455 to —448

stretch of 334-378 bp and placed potential transcription start
sites at around nucleotide —400. We also detected start sites
that would generate shorter untranslated regions, consistent
with the primer extension analyses described above.

The genomic sequences were compared with two pub-
lished sequences of human terminal transferase cDNAs. We
set the reading frame by comparing the protein sequence we
have determined with the human nucleotide sequence. Ge-
nomic sequences from nucleotide —89 through 1746 were
identical to the human cDNA sequence published by Chang
and Bollum (33) except at nucleotide 1358, where our
sequence has an extra triplet (CTC) immediately preceding
the final two bases of the 3’ end of exon 9, and at nucleotide
1363, where we have a CAG at the 5’ end of exon 10 (see Fig.
3 and Table 1). Comparison of our DNA sequence with that

A B C
<94 344
<202
<357
-3l
<186
=62 378

FiG. 4. Primer extension (A and B) and T4 DNA polymerase
mapping (C) of transcription initiation sites. Data from three repre-
sentative experiments are shown to illustrate multiple transcription
start sites. The primers used for these experiments were: an
oligonucleotide corresponding to bases 43-72 of exon 1 (A), an
oligonucleotide corresponding to bases 18-47 of exon 1 (B), and
phage M13 universal primer (C).

Proc. Natl. Acad. Sci. USA 85 (1988)

of Koiwai et al. (34) reveals several differences. The open
reading frame of our DNA is 1530 bp. In contrast, they
report an open reading frame of 1557 bp. The difference in
the positioning of the functional ATG is due to an ATG at
positions —34 to —32 in the sequence shown in Fig. 3.
However, this ATG is out-of-frame in our cDNA and the
genomic sequence and results in translation of a short
nonhomologous peptide.

The sequence context of the ATG translation start site for
terminal transferase is CCTCTTCCCATGG. On the 3' side
of the ATG codon, the flanking nucleotide is a guanosine,
which is preferred in vertebrate mRNAs (35).

3’ End of the Human Terminal Transferase Gene. Exon 11
contains the translation termination codon for terminal
transferase at base 1531. Three regions of dyad symmetry
were found: between positions 1531 and 1559 (AG = -5
kcal/mol), between 1622 and 1669 (AG = —4.7 kcal/mol),
and between 1675 and 1726 (AG = —8.5 kcal/mol). These
regions are clustered at the end of the open reading frame
and may be used as part of termination events.

DISCUSSION

Terminal transferase is one of five major DNA polymerases
found in vertebrate cells. Like DNA polymerases a, 8, and
y and the recently described & polymerase (36), terminal
transferase catalyzes the polymerization of deoxyribonu-
cleotides. However, terminal transferase does not copy a
template and is restricted to subpopulations of lymphocytes
and leukemic cells. Whether all DNA polymerases evolved
from a common primordial polymerase is not yet known.
Preliminary comparative studies of terminal transferase and
DNA polymerase B protein sequences have revealed inter-
esting features (37). A stretch of 174 amino acids in both
proteins has been shown to contain 124 residues with iden-
tical favored and conservative amino acid substitutions. This
similarity may reflect a common precursor gene or may
reflect a protein structural requirement for the common
nucleotide and DNA binding functions.

The human terminal transferase gene structure presented
in this paper exhibits several unusual features. The total size
of this gene (in relation to the 2.0-kb cDNA) is very large.
Exons constitute approximately 5% of the gene, and their
distribution is highly asymmetric. The first intron comprises
more than half of the total gene size.

The question of whether terminal transferase mRNAs have
variable-length leaders or uniformly short or long leaders is
not resolved. Two primer-extension techniques yielded a
pattern of putative sites. Three-size classes of 5’ untranslated
sequences corresponding to 100, 200, and 400 nucleotides
were repeatedly detected with poly(A)* RNA preparations
isolated from several cell lines and leukemic cell samples. At
each putative leader sequence, we detected a TATA box
coupled with a CAAT sequence analog. One of these is
preceded by an octamer sequence that has been found in the
—100 region of all heavy chain variable region genes (32) and
which has recently been demonstrated to be sufficient for
lymphoid-specific gene expression (38). The octamer element
has been shown in model systems to function in fairly close
proximity to the transcriptional start site and to resemble
CCAAT and G + C-rich sites found as part of other promot-
ers. The uniqueness of the octamer element is that it shows
tissue specificity. An additional promoter element, homolo-
gous to those found in genes whose expression is regulated by
cAMP (31), was detected within 120 nucleotides of translation
initiation.

These putative regulatory elements suggested that the
untranslated region of the terminal transferase mRNA may
be quite long. Peterson et al. (25) have reported the isolation
of a terminal transferase cDNA clone that contains 328 bp
upstream from the first amino acid codon of the protein.
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However, comparison of our 5'-gene sequence with that
cDNA sequence (33) revealed that after position —89, the
sequences diverged completely. There is no evidence of a
splice junction in the genomic sequence at this site to
account for the difference. However, a stretch of 8 cytidine
and 14 guanosine residues, which could have been derived
from the homopolymer tailing, did occur in the published
cDNA at the position of sequence divergence.

RNA blot analyses in our laboratory yield a major species
of terminal transferase mRNA of about 2100 nucleotides.
Calculations based on the length of the 3’ untranslated region
and the protein coding sequence give a 5’ leader of about 250
nucleotides. Even given these observations, it is important
to note that extremely long 5' mRNA leader sequences are
very unusual (39). In most vertebrate mRNAs, the distance
between transcription and translation start signals is usually
between 20 and 80 nucleotides. Further, within the 400
nucleotides 5’ to the terminal transferase translation start
site, two out-of-frame ATG triplets are observed, in contrast
to most mRNAs. Additional experimentation using nuclease
S1 mapping and a variety of hybridization conditions will be
necessary to resolve this question.

Inspection of the nucleotide sequence upstream from the
putative translation initiation AUG (A is designated as +1)
codon reveals several interesting features. The optimal se-
quence for initiation by 40S ribosomes has been found to be
ANNAUGG. The most highly conserved position in this
motif is a purine at —3. Of 699 mRNA sequences surveyed,
97% have a purine at that position (35). In addition, guano-
sine is preferred in positions —6 and —9. In the +4 position,
guanosine is the preferred nucleotide. Of these general rules,
terminal transferase exhibits the preferred nucleotide (gua-
nosine) only in the +4 position; at —3, —6 and —9 posi-
tions, cytidine residues are present. The sequence found in
the terminal transferase mRNA is shared by <2% of verte-
brate mRNAs (35). Site-directed mutagenesis experiments
have confirmed the contributions of the —3- and —6-
position purines (40) in several mRNAs. Based on these
data, the terminal transferase AUG would be designated as
relatively ‘“weak’’ in translation efficiency.

An additional rare feature of the terminal transferase
mRNA sequence is the occurrence of the upstream nonfunc-
tional ATG codon starting at position —34. The presence of
upstream ATG codons has been demonstrated experimen-
tally to be inhibitory to translation (40). This ATG also
occurs in an unfavorable sequence context and is followed
by a terminator codon starting at nucleotide +195 in the
coding sequence. Whether translation of this ‘‘minicistron’’
(as a protein 76 amino acids in length) occurs in addition to
translation of the major open reading frame for terminal
transferase mRNA is not known.

The gene structure of a human non-template-dependent
DNA polymerase that exhibits tissue-specific expression has
now been elucidated. Not surprisingly, the regulatory region
is quite different from the sequences found upstream from
the gene for DNA polymerase B, a constituitively expressed
enzyme that exhibits no tissue specificity (41). As the
complete structure of the gene for DNA polymerase 8 and
for other vertebrate DNA polymerases becomes available, it
will be possible to search for common genetic features that
may reveal the evolutionary origins of these proteins.
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