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open reading frame that evolves as if it encodes a protein
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ABSTRACT DNA sequence analysis of a region contained
within a large, interspersed repetitive family of mice reveals a
long open reading frame. This sequence extends 978 base pairs
between two stop codons, creating a reading frame that is open
for 326 amino acids. The DNA sequence in this region is con-
served between three distantly related Mus species, as well as
between mouse and monkey, in a manner that is characteristic
of regions undergoing selection for protein function.

Interspersed repetitive elements are ubiquitous in the DNA
of higher eukaryotes. They are found in organisms as diverse
as frogs (1), sea urchins (2), flies (3), birds (4), rodents (5),
and humans (6); nevertheless, the reason for their existence
is not understood. Hypotheses concerning their contribution
to the normal patterns of gene expression in differentiated
cells range from a model in which they are seen as the main
perpetrators of regulation (7, 8) to the extreme opposite view
of them as neutral hitchhikers in the genome (9, 10). Other
hypotheses suggest they behave as transposable elements.
As transposons, repetitive families may create new patterns
of expression by providing new promoters or physically dis-
rupting gene function following an insertion (11), or they
could provide a constant source of new material for evolu-
tion by keeping the genome in a constant state of flux
through homologous recombination events (12).

It has long been hoped that studies of the structure and
organization of interspersed repetitive families would sug-
gest possible functions for such sequences. Structural inves-
tigations have revealed two basic types of interspersed re-
petitive families, short and long (reviewed in ref. 13). Mem-
bers of the short families tend to be <500 base pairs (bp) long
and are represented upwards of 105 times in the genome.
RNA copies of these elements are found in cells, and in vitro
their cloned DNA is transcribed by RNA polymerase III.
Prominent members of this class include the Alu family of
primates and the Bi family of rodents (see ref. 14 for re-
view). Less is known about the longer types of repetitive
elements than the short because they have been studied in
detail only recently. Members of these repeat families can be
>5 kilobases (kb) in length and represented up to 105 times in
the genome (reviewed in ref. 13).

In mice, one of the major families of long interspersed re-

peats is the LI family§ (15), which has also been called the
BamHI or MIF-I family (16, 17). LIMd family members
range up to 7 kb in length (17) and are homologous to the
primate LI family, previously called the Kpn I family (18,
19), which has also been characterized in some detail (see
ref. 13 and references therein). Transcripts from portions of
these large repeats have been detected in both mice (11, 16,
20) and primates (19, 21-23). There is some evidence that

these sequences are associated with polyribosomes in mouse
liver (16), although they were not detected in polyribosomal
preparations from human culture cells (21). The presence of
the sequences in polysomes does not necessarily imply pro-
tein coding function because Alu family transcripts have also
been detected in polysome preparations (see ref. 24 for re-
view).

In collecting DNA sequence data on various members of
the LI family for other purposes, we were struck by the pres-
ence of a long open reading frame in part of the repeat family
sequence. This open reading frame is noteworthy because it
coincides with a region of the repeat that is represented in
mRNA (16, 20) and is conserved among three distantly relat-
ed species ofMus (domesticus, caroli, and platythrix) as well
as between mouse and monkey. These observations, along
with the properties of the sequence of the open reading
frame, suggest that this portion of the LI repeat family has
been functional for most, if not all, of its evolutionary his-
tory.

MATERIALS AND METHODS

Restriction endonucleases, DNA polymerase large frag-
ment, T4 polynucleotide kinase, and 26-bp primer were pur-
chased from New England BioLabs or Bethesda Research
Laboratories. [Y-32P]ATP and [a-32P]dATP were purchased
from New England Nuclear. Liver from M. platythrix was
obtained through Michael Potter from Litton Bionetics. High
molecular weight DNA was prepared essentially as de-
scribed by Kan and Dozy (25). Genomic DNA from M. do-
mesticus and M. caroli was the gift of R. Padgett. Clones
containing LJMd-4 were isolated originally from a genomic
library prepared from BALB/c sperm DNA in Charon 4A
(26).
Random isolates of the Bam5 (500-bp BamHI fragment)

subset of the LI repeat were cloned into M13mp7. Genomic
DNA from M. domesticus, M. caroli, and M. platythrix was
digested with the restriction endonuclease BamHI. After
electrophoresis through 1% agarose, the 500-bp ethidium
staining band was recovered by electroelution and then ligat-
ed into the BamHI site of M13mp7. About 10%o of the trans-
formants hybridized to the single-stranded, radiolabeled
Bam5 probe. Under the conditions used, sequences sharing
at least 65-70% homology with the probe would be detected.
It is not likely, however, that many of the LI family se-

Abbreviations: URF, unidentified reading frame; kb, kilobase(s);
bp, base pair(s).
§The name LI, or LINE 1, has recently been suggested (15) as a
replacement for the names previously used. The family name is
followed by a two-letter genus and species designation, such as
LIMd for the LI family in Mus domesticus. This new name over-
comes the confusion inherent when different restriction endonucle-
ase names are used to name homologous repeat families in different
species.
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the open reading frame. The structure of a long fai
shown by the open bar. The filled in region indicates
ing frame. Dashes are used at the 5' end of the repe
cause it is not known precisely where the end point
subset of the URF that was subjected to sequence
random isolates is indicated. Some of the common si
by restriction endonucleases are shown: Bgl I, E
EcoRI, E. The ! marks the A-rich 3' end of the rej
within this structure are several subfamilies (usually
ments) that are highly repetitive and have been desc
These include the 1.3-kb EcoRI fragment (29-31),
and 4.0-kb (32) BamHI fragments, and the region cc
most end of the repeat structure (33) that is linked to
truncated nature of this family and the degree of ru
the various regions are documented elsewhere (15).

quences that have diverged >80% from the pri
the two BamHI sites defining the Bam5 fragn
mate that somewhat less than half of the sequ(
gous to this region of the repeat actually have 1
ment, or roughly 20,000 copies per genome.
The DNA sequence of LJMd-4 was determi

combination of the chemical degradation (2'
deoxy chain elongation (28) methods. Sequeni
dom isolates of BamrS were determined by the
tion method.

I RESULTS AND DISCUSSION
EB 79, Location and Extent of the Unidentified Reading Frame

(URF) in the Li Repeat Family. The dispersed, highly repeti-
tive family of DNA sequences in the mouse, called LJMd,

B has an unusual structure. The 3' end of the structure is con-
served among copies, whereas the 5' end is truncated in

rsodlates most family members at apparently random distances from
the conserved end point (15, 17). This 3' end is defined by an
A-rich region, suggesting a role for RNA intermediates in the

and location of dispersal of the family. The structure of a long member of
nily member is this family is shown in Fig. 1. In addition to being dispersed

at structure be- throughout the genome, portions of this repeat are found at
t is. The 316-bp seven locations within the 83-globin gene cluster of the
analysis in the BALB/c mouse (15).

Ites for cleavage The DNA sequence from a portion (Fig. 1) of one of these
3g; BamHI, B; repeats, LJMd-4, located between the ,3h3 and I31dmaj genes,
peat. Contained has been determined (Fig. 2). Within this sequence there is
restriction frag- an open reading frame that extends 978 bp between two stop
ribed by others. codons, TGA and TAG; the longest distance between a pos-
the 500-bp (20) sible initiation codon and a terminator is 864 bp (Fig. 2). In

Bntainig(.The3' examining the sequences that are immediately adjacent to

BarnS(34).Thesof these for the canonical sequences thought to be important in
signaling precise and efficient transcription (36), nothing ob-
vious has been found. Thus, if this is a functional unit, we
are unable to predict at this time whether the entire structure

obe still retain is contained in this region or if this represents just a portion
nent. We esti- of a larger, perhaps multipartite, gene.
ences homolo- Is This URF Open Due to Chance? The preservation of this
the BamS frag- open reading frame seems unlikely to be due purely to

chance. In a random stretch of 978 bp, the probability that
ned by using a one of the six possible reading frames will be open is 9.5 x

7) and the di- 1O-7 (Fig. 3).
ces of the ran- Furthermore, this URF is found in random isolates of a
chain elonga- subfragment from the LI repeat in three species. The DNA

sequence of a subset of this open reading frame has been

I I I ' 50 ' ' ' ' 100
* Ile Asp Pro Tyr Leu Ser Pro Cys Thr Lys Val Lys Ser Lys Trp Ile Lys Glu Leu His Ile Lys Pro Glu Thr Leu Lys Leu Ile Giu Glu Lys Val
TGAATCGATCCATACTr'rATCfrcc r rGVrAc rAAGGTCAAATCVPAAGTGGATCAAGGAACT rCACATAAAACCAGAGACACTGAAACTIrATAGAGGAGAAAGTG

150 200
Gly Lys Ser Leu Glu Asp Met Gly Thr Gly Glu Lys Phe Leu Asn Arg Thr Ala Met Ala Cys Ala Val Arg Ser Arg Ile Asp Lys Trp Asp Leu Met Lys
,".GGAAAA" CC T'fGAAG-A £A rGGG CA C-AGGGGAAAAAT TC CTG AAC AG AAC AG CAATGGC TTG TGC TGTAAG ATCG AGAATTGAC AAATGGGACC TAA rG AAA

I ' 250 ' ' ' 300
Leu Gln Ser Phe Cys Lys Ala Lys Asp Thr Val Tyr Lys Thr Lys Arg Pro Pro Thr Asp Trp Glu Arg Ile Phe Thr Tyr Pro Lys Ser Asp Arg Gly Leu
C TCCAAAGTTTrC rGCAAGGCAAAAGACAC'rG rCTATAAGACAAAAAGACCACCAACAGACTGGGAAAGGATCTTrTACCTATCC'rAAATC AGATAGGGGAC rA

I I I ' 350 ' ' ' ' 400
Ile Ser Asn lie Tyr Lys Gla Leu Lys Lys Val Asp Leu Arg Lys Ser Asn Asn Pro Leu Lys Lys Trp Gly Ser Glu Leu Asn Lys G1a Phe Ser Pro GMu
ATATrCCAACA~rATrATrAAAGAACTC AAGAAGGTrGGACCrCAGAAAATCAAATAACCCCCT 1rAAAAAA rGGGGCTCAGAACTrGAACAAAGAATTCTCACCTGAG

Eco RI
450 500

Glu Tyr Arg Met Ala Glu Lys lis Leu Lys Lys Cys Ser Thr Ser Leu Ile Ile Arg Glu Met Gln Ile Lys Thr Thr Leu Arg Phe His Leu Thr Pro Val
AATACCrGAATGGCAGAGAAGCACCTGAAAAAA rGTTCAACATCCrTrAAIrCA~rCAGGGAAA rGCAAATCAAAACAACCC rGAGATTCCACc'cCAAC CAGTC

' ' 550 ' ' ' ' 600 1

Arg Met Ala Lys Ile Lys Asn Ser Gly Asp Ser Arg Cys Trp Arg Gly Cys Gly Glu Arg Gly Thr Leu Leu His Cys Trp Trp Asp Cys Arg Leu Val Gln
AGAA rGGCTAAGATCAAAAATTCAGGTGACAGCAGATGCTGGCGAGGATGTGGAGAAAGAGGAACACTCc rcCA 'TG r rGGrGGGATTGCAGGCTTGTACAA

I I ' 650 ' ' ' ' 700 1

Pro Leu Trp Lys Ser Val Trp Arg Phe Leu Arg Lys Leu Asp Ile Val Leu Pro Glu Asp Pro Ala lie Pro Leu Leu Gly Ile Tyr Pro Glu Glu Ala Pro
CCACTCT'GGAAATCAG rCTGGCGG rTCCTCAGAAAATTGGACATAGTACTACCGGAGGATCCAGCAATACCTCTCCTGGGCATA rATCCAGAAGAAGCCCCA

Bam HI
750 800

rnr Gly Lys Lys Asp Thr Cys Ser Thr Met Phe Ile Ala Ala Leu Phe Ile Ile Ala Arg Asn Trp Lys Glu Pro Arg Cys Pro Ser Thr Glu Glu Trp Ile
AC TGG TAAG AAGG AC ACATG C rc CAC TATG r-rc A rAGCAG.CC TTATTTA rAArAG C CAGAAACTGGAAAGAAC CCAGATGCC CCTC AAC AGAGG AATGGATA

I I ' 850 ' 1 * . 900
Gln Lys Met Trp Tyr Ile Tyr Thr Met Glu Tyr Tyr Ser Ala Ile Lys Lys Asn Glu Phe Met Lys Phe Leu Ala Lys Trp Met Asp Leu Glu Ser Ile Ile
C AG AAAATG TGG TACATC TACAC AATGGA5TAC TAC TCAGCTA rTAAAAAG AATGAAtrTTATGAAATTC CTAGCC AAATGGATGGACC TGGAGAGC ATC ATC

I ' 950 ' ' ' 984
Leu Ser Glu Val Thr Gln Ser Gln Arg Asn Ser His Asn Met 'tyr Ser Leu Ile Ser Gly Tyr ***

CTGAGTGAGGTAACACAA'rCACAAAGGAACTCACACAATATGTACTCACTGATAAGTGGATACTAG

FIG. 2. DNA sequence of the URF in LJMd-4 and its translation product. The EcoRI and BamHI cleavage sites as well as the first
niethionine codon are underlined. Over 90% of the sequence has been confirmed in multiple experiments, and most of it has been determined on
both strands. The experimental details will be published elsewhere. The deduced amino acid sequence was compared to sequences in the
Dayhoff protein sequence data base (35) by using the program SEARCH. No sequences with significant homology to LJMd-4 were found.

--
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FIG. 3. Location of termination codons in six possible reading
frames. Vertical hatch marks indicate the position of TAA, TGA, or
TAG in each frame. The first six nucleotides of the LJMd-4 se-
quence are shown on the left; the arrow indicates the position and
direction of the frame diagramed alongside. Four of the six possible
frames contain no open regions of significant length (frames 2, 3, 4,
and 6). Frame 5, which shares third positions with frame 1, has rela-
tively fewer termination codons. This can be explained by con-
straints operating on frame 1. If the codon usage in frame 1 is consid-
ered, the number of termination codons observed in frame 5 does
not differ from expectation.

determined for several copies of the repeat that were se-
lected at random from the genomes of M. domesticus
(BALB/c), M. caroli, and M. platythrix. The sequence of 10
clones containing the 500-bp BamHI fragment from each
species was determined for 315 bp between the BamHI site
and the terminator (see Fig. 1 for its position relative to the
structure of the entire repeat). The consensus sequences de-
rived for each of the three Mus species, domesticus, caroli,
and platythrix, contain an open reading frame (Fig. 4) that
corresponds to the one found in LJMd-4. In the 12 isolates
from BALB/c (two from the globin region, plus 10 isolated
from random locations in the genome), 11 have an open read-
ing frame over these 104 amino acids. The single Bam5 iso-
late that does not have an open reading frame has suffered
two single base-pair deletions; the resulting frameshift
causes termination codons to come into phase further down-
stream, This is the most divergent representive of the repeat
family that was isolated from BALB/c. Another random iso-
late of the Bam5 fragment from M. domesticus (the inbred
line GR/A) has been subjected to sequence analysis and
found to have terminators (20). In M. caroli, 6 of 10 random
isolates have retained their open reading frames. Of the 4
with termination codons, 2 result from point substitutions

and 2 from deletions that create a frameshift. Nine of the 10
sequences from M. platythrix also share the open reading
frame. The tenth has a base substitution that results in a ter-
mination codon.
Another aspect of these DNA sequence data from the

three Mus species that is consistent with the URF being a
protein-coding sequence is that the divergence at silent sites
is much higher than the divergence at replacement sites. Ta-
ble 1 lists the divergence at silent and replacement sites for
each pairwise comparison of the 312-bp consensus sequence
between M. domesticus, M. caroli, and M. platythrix. There
are four times more potential replacement than silent substi-
tutions in these sequences. If nucleotide substitutions were
occurring at random, we would expect to find four times
more substitutions at replacement sites than at silent sites.
Instead, there are roughly equal numbers of substitutions oc-
curring at silent and replacement sites. After correction for
multiple hits (37), the divergence at silent sites is about four
times greater than the divergence at replacement sites. This
suggests that the URF in this repeat family is evolving under
selective constraints with respect to mutations causing ami-
no acid replacements. This is a characteristic property of
DNA sequences that encode proteins (37, 38).

Recently, DNA sequences from portions of the monkey
LI (Kpn I) family have been published (22, 39). The available
sequence includes a region that is homologous to the se-
quence from LJMd-4 and other published LJMd sequences
(see ref. 19 and references therein). Due to insertions and
deletions, this particular representative of the monkey re-
peat does not have the entire reading frame open as found in
the mouse repeat. However, the same 312-bp region from
the monkey sequence that was analyzed for the different
species of Mus can be aligned with the mouse (BALB/c) se-
quence by the introduction of a 3-bp gap in the mouse se-
quence. A comparison of the ratio of silent and replacement
substitutions between the mouse and the monkey sequences
in this region indicates that the homologous sequence in the
LI family of primates has been evolving under selective con-
straints similar to the mouse URF. Although this particular
representative of the monkey family does not have an open
URF due to various frameshifts and terminators, it is not yet
known what fraction of the monkey repeats presently carry
this sequence as an open reading frame.
Three lines of evidence suggest that the URF has under-

gone most, if not all, of its evolution under constraints im-
posed by selection for protein-coding function: (i) the pres-
ence of the large URF in LJMd-4 from M. domesticus, (ii)
the preservation of (a subset of) the same open reading

I I 1 70 0S 750
GAT CCA GCA ATA CCT CTC CT0 WsC ATA TAT CCA GM GAT GCC CCA ACT GGr AAG AAG GAC ACA iwC MCC ACr ArG rTC ATA GCA GCC TTA rrr ArA ATA GCC AGA domestiCUS
GAT CCA GCA ATA CCT CMC CrM GGC ATA TAT CCA GAA GAT GTC CCA ACC GGT AAG AAG GAc ACA TGC TCG ACT Amr TrC ArA GCA GCC YTA TrT ArA ArA GCC AGA - a ro 1 i

* ** * * * *

GAT CCC GCA ATA CCT CTC CTG GGC ATA TAT CCA GAA GAr GCT CTA ACT GGT MT MG GAT ACA rGc TCC ACT AIG TMG ATA GCA GCC rrA ?IT ATA ATA GCC AGA p1 a tyt n r iX

I 9 800 0 1 08 850 0 1

AGC TOG MAA GAA CCC AGA T1G CCC [CA ACA GAG GAA Or&G ATA CAG AAA ATG TGG TAC ATC TAC ACA ATG GAG TAC rAc rCA GCT Arr AAA AG Mr GAA m'i ATM domes t i c us
* * *

AGC TOG AAA GMA ccc AGA iGr Ccc 'CA ACA GAG GAA TGG ATA CAG AAA T[TR IGG rAC ATT TAC ACA ATGrAG TAC TAC ['A GCT ATT AAA AAG MT GAA m ATM c a r 1 i

AGC TGG AAA GMA CCC AGA TOT CCC rCA ACA GAG GAA TGG ATA CAG AAA TTG TGG TAC ArT TAC ACA ATG GAG TAC TAC 'CA GCT AIC AM AAC AAT GAA mT ATG p 1 a t y t h r i X

I * 900 I I 950 1 0 1

AAA TTC CTA GCC AAA TGG ATG GAC CTG GAG GGC ATC ATC CTG AGT GAG GTA ACA CAA TCA CAA AGG AAC TCA CAC AAT ATM TAC ['A CTM ArA AGT GGA TAC TAG domes ti Cu S

AAA TTC CTA GCC AAA TGG ATG GAG CM0 GAG GGC ATC ATC YTG AGT GAG GTA ACA CAA TCA CAA AGG AAC TCA CAC MT AMO TAY TCA CrM ATA AGTr GGA TAT TAG ca r o1i
* ** * * * * * ** *

AMA Trc cTA GC MAATG 'ATA TAT CGM GAG GGT ATC AT?CTO AGT GAG GTA ACC CAM TCA CAA MG C TCA CAT GAT ArA TAG TCA CM ATA AGT GGA TAT TAG p1 a t y t h r i X

FIG. 4. Consensus sequence of LI from M. domesticus, M. caroli, and M. platythrix. The nucleotide found in the majority of sequences
within each species is shown for each position. At several positions in the 10 sequences from M. caroli, two nucleotides were found in exactly
half of the sequences determined. Such positions are indicated by a "Y" (C or T) or an "R" (A or G). In each case, the codon including these
ambiguous nucleotides would remain unchanged.
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Table 1. Divergence at silent and replacement sites in the URF of the long interspersed repeat

Silent sites Replacement sites

Observed Observed Corrected
Pair of Possible substitu- Divergence, Corrected Possible substitu- Divergence, Corrected Ratio ratio

sequences sites tions % divergence sites tions % divergence (S/R) (S/R)
M. domesticus, 62.3 6 9.6 9.4 249.7 2 0.8 1.0 12 9.4
M. caroli

M. domesticus, 63 12 19.0 16.0 249 10 4.0 4.5 4.8 3.6
M. platythrix

M. caroli, 63.3 12 19.0 16.0 248.7 10 4.0 4.5 4.8 3.6
M. platythrix

Monkey, 61.2 42 68.5 89.9 250.8 56 22.3 34.0 3.1 2.6
mouse

The values for "possible sites" were determined by examining all three possible base substitutions at each position in the sequence and
determining whether the altered codon represents a silent (S) or replacement (R) substitution. The tabulated values were obtained by averaging
the number of changes in each category for the pairs of sequences and dividing by three because there are three substitutions possible at each
site. The "observed substitutions" in each category were scored for each pair of sequences as in Brown et al. (37). A crude "divergence" value
is calculated as the ratio of observed substitutions to possible sites, expressed as a percent. "Corrected divergence" was determined by using
the method of Brown et al. (37) to correct for multiple hits at a single site. The number of "ATY" codons found in these sequences is small; thus
they were not treated as a separate category. Transitions were considered to account for 70% of the mutations. This number is based on the
average number of transitions observed among these three sequences; therefore it may be an underestimate of the actual ratio of transitions to
transversions.

frame in diverse species of mice, and (iii) the low rate of
substitutions at replacement sites compared to silent sites in
the Mus and monkey sequences.

Possible Roles for the URF. There are many copies (104) of
this URF in mice and many of them potentially encode a
protein. What role might this protein serve? Either it is re-
quired for the survival of the organism or it is required for
the survival of the repeat. The URF may be part of a larger
biologically functional unit such as a transposition element
or a virus. Most of the copies present may be remnants of a
larger structure that has persisted long after the original dis-
persal of these sequences. A small number of still functional
copies could keep the URF open in the rest of the family by
genetic exchange processes.
One possible mechanism for such exchange of genetic in-

formation is a specific elaboration of the master-slave con-
cept (40). We imagine a mechanism whereby the protein
encoded by the URF provides a cis-acting function that fa-
cilitates genetic exchange. If the protein is a reverse tran-
scriptase, for example, it could bind to its own messenger
immediately after translation to initiate cDNA synthesis.
The cDNA could then either insert into the genome, as has
been proposed for repeats belonging to the Alu family and
for processed pseudogenes (12, 14, 41), or act as the interme-
diate in a gene correction process. Another possible function
for the protein would involve directing cDNA or mRNA
back to the nucleus.
A model for the genetic exchange involving a cDNA inter-

mediate is consistent with the known truncated structure of
the repeat family because premature termination is a feature
associated with reverse transcription. Individual family
members apparently extend random distances in the 5' direc-
tion from a conserved, A-rich 3' end point (15, 17). This par-
ticular model could explain how the repeat family can avoid
being taken over by copies that have acquired termination
codons or frameshifts, yet are still transcribed, because the
exchange requires a functional protein product of the tran-
script. A large fraction (81%) of the random isolates contain
the open reading frame in the 315-bp region sequenced. This
would be predicted by a model in which the product of the
URF is required in the genetic exchange process. This is ba-
sically a "selfish" model, in which the URF product is nec-
essary to insure survival of the repeat.
Perhaps even more intriguing is the possibility that this

repeat and its product are an intimate and required part of
the cellular regulatory apparatus. The model proposed above

does not preclude the possibility that the repeat exerts ef-
fects on the expression of nearby genes. For example, if the
repeat contains enhancer sequences originally designed to
drive the transcription of its URF, these may stimulate host
gene expression as well. Alternatively, the URF product it-
self may exert some direct effect on gene activity within the
repeat or in the surrounding region. If the URF product is
important to cell function, then selection could maintain a
large number of open reading frames independent of a pas-
sive mechanism (such as gene conversion) to generate them.
If selection is the basis for the large number of open URFs,
then the interesting issue is why does the organism need so
many copies of this particular sequence?

In summary, we have identified a long open reading frame
in a highly repetitive DNA family. The distribution of muta-
tions within the sequences and the conservation of the open
frame between diverse species suggests that the URF has
been undergoing most, if not all, of its evolution under selec-
tion for a protein product. This long open reading frame be-
haves as if it currently encodes a functional polypeptide in
that it is found on polyribosomes (16) and in RNA tran-
scribed by RNA polymerase II (23). Thus, it seems likely
that the LI repeat family is not merely junk DNA.
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