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Summary. The L1 family of  long interspersed re- 
petitive DNA in the rabbit genome (L10c) has been 
studied by determining the sequence o f  the five Ll 
repeats in the rabbit/%like globin gene cluster and 
by hybridization analysis of  other L1 repeats in the 
genome. LIOc repeats have a common 3' end that 
terminates in a poly A addition signal and an A-rich 
tract, but individual repeats have different 5' ends, 
indicating a polar truncation from the 5' end during 
their synthesis or propagation. As a result of  the 
polar truncations, the 5' end of  L1Oc is present in 
about 11,000 copies per haploid genome, whereas 
the 3' end is present in at least 66,000 copies per 
haploid genome. One type of  L1Oc repeat has in- 
ternal direct repeats of  78 bp in the 3' untranslated 
region, whereas other L10c  repeats have only one 
copy of this sequence. The longest repeat sequenced, 
L1Oc5, is 6.5 kb long, and genomic blot-hybridiza- 
tion data using probes from the 5' end of  L1Oc5 
indicate that a full length L1Oc repeat is about 7.5 
kb long, extending about 1 kb 5' to the sequenced 
region. The LIOc5 sequence has long open reading 
frames (ORFs) that correspond to ORF- 1 and ORF-2 
described in the mouse L1 sequence. In contrast to 
the overlapping reading frames seen for mouse L 1, 
ORF-I and ORF-2 are in the same reading frame 
in rabbit and human L 1 s, resulting in a discistronic 
structure. The region between the likely stop codon 
for ORF- I and the proposed start codon for ORF-2 
is not conserved in interspecies comparisons, which 
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is further evidence that this short region does not 
encode part of  a protein. ORF-1 appears to be a 
hybrid of  sequences, o f  which the 3' half  is unique 
to and conserved in mammalian L1 repeats. The 5' 
ha l fo fORF-  1 is not conserved between mammalian 
L 1 repeats, but this segment of  L10c  is related sig- 
nificantly to type II cytoskeletal keratin. 
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Introduction 

The repeated DNA sequences that are dispersed 
throughout eukaryotic genomes have been divided 
into two classes (reviewed by Weiner et al. 1986). 
Both classes appear to transpose by an RNA inter- 
mediate, and the insertion of  either class of  repeated 
DNA generates short flanking direct repeats at the 
target site--hallmarks of  transposition first recog- 
nized in prokaryotes. One class of  repeated DNA 
resembles retroviruses in that members of  this class 
are flanked by long terminal repeats (Baltimore 
1985). This class includes the yeast Ty-1 repeat, the 
D r o s o p h i l a  copia repeat, and the human THE1 re- 
peat (Paulson et al. 1985). Another class of  repeated 
sequences resembles processed pseudogenes and 
lacks long terminal repeats (LTRs). This second class 
of repeats has been termed retroposons (Rogers 
1983), nonviral retroposons (Weiner et al. 1986), 
and non-LTR retrotransposons (Xiong and Eick- 
bush 1988). In this paper, this second class of  RNA- 
transposed repeats will be called retroposons. Two 
groups of retroposons have been identified based on 
their length: the short interspersed repeats, or SINEs, 
that are tess than 500 bp long, and the long inter- 
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Fig. 1. Repetitive DNA in the rabbit/3-like globin gene cluster. The 0-like globin genes ~, 7, 6, and/3 are shown as boxes along the 
45-kb segment of cloned DNA (Lacy et al. 1979). Transcription of the active genes is from left to right. The location and orientation 
of L1 repeats are shown by the filled arrows. The L1 repeats are named LIOcl-L1Oc5 (Demers et al. 1986). The location and 
orientation of C repeats, a rabbit SINE, are shown by the open arrows. 

s pe r s ed  repea t s ,  o r  L I N E s ,  t ha t  a r e  g rea t e r  t h a n  6000  
b p  long  (Singer  1982). A l t h o u g h  n o  p rec i se  s equence  
spec i f ic i ty  has  been  o b s e r v e d  a t  the  i n s e r t i o n  si tes ,  
S I N E s  a n d  L I N E s  d o  h a v e  a r e g i o n a l  p r e f e r ence  for  
i n t e g r a t i o n  in the  h u m a n  g e n o m e ,  as  s h o w n  b y  the  
e n r i c h m e n t  o f  d i f ferent  c h r o m o s o m e  b a n d s  for  e i t he r  
L I N E s  o r  S I N E s  ( K o r e n b e r g  a n d  R y k o w s k i  1988). 

A l t h o u g h  seve ra l  d i f fe ren t  s equences  h a v e  b e e n  
d i s p e r s e d  as  S I N E s  in m a m m a l s  ( r e v i e w e d  in W e i -  
ne r  et  al. 1986), on ly  one  s e q u e n c e  e l e m e n t ,  ca l l ed  
L1,  has  b e e n  f o u n d  to  be  d i s p e r s e d  as  a L I N E  in 
m a m m a l s  ( r ev i ewed  in S inger  a n d  S k o w r o n s k i  1985). 
T h e  L1 sequence  has  been  iden t i f i ed  in a w ide  v a -  
r i e ty  o f  spec ies  i n c l u d i n g  p r i m a t e s  ( L e r m a n  et  al.  
1983), m ice  (Brown a n d  D o v e r  1981; F a n n i n g  1982), 
ra t s  ( E c o n o n m o u - P a c h n i s  et  al. 1985; Soa res  et  al.  
1985; D ' A m b r o s i o  et  al. 1986), dogs  ( K a t z i r  et  al.  
1985), ea ts  ( F a n n i n g  a n d  S inger  1987), a n d  r a b b i t s  
( D e m e r s  et  al. 1986). G e n o m i c  b l o t - h y b r i d i z a t i o n  
ana lys i s  i n d i c a t e s  tha t  t he  L1 s e q u e n c e  is p r e s e n t  in  
all  m a m m a l i a n  spec ies  a t  a f r e q u e n c y  o f  a b o u t  104- 
105 cop i e s  p e r  h a p l o i d  g e n o m e  (Bur ton  et  al.  1986). 

A l t h o u g h  the  p a r e n t  genes  o f  S I N E s  a re  t r an -  
s c r i be d  b y  R N A  p o l y m e r a s e  I I I ,  the  L1 r epea t s  a p -  
p e a r  to  be  d e r i v e d  f r o m  an  R N A  p o l y m e r a s e  I I  t r an -  
scr ip t .  T h e  p a r e n t  gene  o f  L1 is p r o p o s e d  to  be  a 
p r o t e i n - c o d i n g  gene ( r e v i e w e d  in S inger  a n d  S k o w -  
r o n s k i  1985). L o n g  o p e n  r e a d i n g  f r a m e s  ( O R F s )  a re  
f o u n d  in the  L1 s equences  ( M a n u e l i d i s  1982; M a r t i n  
et  al.  1984; P o t t e r  1984), a n d  s e q u e n c e d  m e m b e r s  
f rom the  m o u s e  g e n o m e  h a v e  two  o v e r l a p p i n g  O R F s  
o f  1137 b p  ( O R F - 1 )  a n d  3900  b p  ( O R F - 2 )  ( L o e b  et  
al.  1986; Shehee  et  al.  1987). T h e  O R F - 2  r eg ions  o f  
p r i m a t e  a n d  r a b b i t  L I  a re  65% s imi l a r ,  b u t  the  s i m -  
i l a r i ty  ends  a b r u p t l y  at  a c o n s e r v e d  s top  c o d o n  (De-  
m e r s  et  al. 1986). 

In  p r e v i o u s  s tud i e s  on  the  L 1 r e p e a t s  f r o m  r a b b i t s  
(L 10c ,  for  L I N E  1 f rom Oryctolagus cuniculus), the  
B, E, a n d  D r epea t s  i den t i f i ed  b y  Shen  a n d  M a n i a t i s  
(1980)  were  s h o w n  to be  pa r t s  o f  the  L 1 O c  repea t .  
T h e  s equence  o f  one  t r u n c a t e d  L1 r e p e a t  a n d  p a r t  
o f  a n o t h e r  r e p e a t  were  p r e s e n t e d  as a c o m p o s i t e  
sequence ,  a n d  the  O R F  ( c o r r e s p o n d i n g  to  O R F - 2 )  
a n d  3' u n t r a n s l a t e d  r eg ion  were  i den t i f i ed  ( D e m e r s  
et  al.  1986). In  th i s  p a p e r ,  the  r a b b i t  L1 r e p e a t s  a re  
c h a r a c t e r i z e d  m o r e  t h o r o u g h l y ,  a n d  the  s i m i l a r i t i e s  

a n d  d i f fe rences  o f  L1 s equences  b e t w e e n  spec ies  a re  
e x p l o r e d  fur ther .  I n t e r s p e c i e s  c o m p a r i s o n s  r e in fo rce  
the  c o n c l u s i o n  t ha t  the  L1 r e p e a t  has  two  O R F s  t ha t  
a re  c o n s e r v e d  for  t he i r  p r o t e i n - c o d i n g  capac i ty .  
H o w e v e r ,  the  r eg ion  b e t w e e n  the  two  O R F s  is n o t  
c o n s e r v e d  a m o n g  species ,  a n d  th is  o b s e r v a t i o n  is 
u sed  to  i n d i c a t e  p o s s i b l e  s t a r t  a n d  s t op  c o d o n s  for  
the  O R F s .  O R F -  1 e n c o d e s  a c o m p o s i t e  p r o t e i n ,  a n d  
the  5' h a l f  o f  O R F - 1  f r o m  L 1 O c  is r e l a t e d  to  t ype  
II  c y to ske l e t a l  ke ra t in .  

Materia ls  and M e t h o d s  

Subcloning and Sequencing of LlOc Repeats. The sequenced 
members of the L1Oc family were from the rabbit 0-like globin 
gene cluster isolated by Lacy et al. (1979). Interspersed repetitive 
DNA was identified by Shen and Maniatis (1980) by hybridiza- 
tion and heteroduplex mapping. The five L1 members (Demers 
et al. 1986) were sequenced by dideoxynucleotide chain termi- 
nation reactions (Sanger et al. 1977) using subclones in M13 
phages as templates (Messing 1983). 

Analysis of DNA Sequences. Sequence matches were first iden- 
tified by dot plots generated by the computer program MATRIX 
(Zweig 1984). This provides a graphical display of sequence sim- 
ilarity that plots matches (forward similarity) of 23 out of 30 
bases. Similar sequences were then aligned by the computer pro- 
gram NUCALN (Wilbur and Lipman 1983) using the parameters 
K-tuple = 3, window size = 20, gap penalty = 7. The protein 
sequence databases at the Protein Identification Resource (Na- 
tional Biomedical Research Foundation) were searched using the 
FASTp program (Lipman and Pearson 1985). The statistical sig- 
nificance of the similarities found by FASTp were tested using 
the program RDF (National Biomedical Research Foundation); 
this program scrambles the target sequence (revealed by FASTp) 
into 20 shuffled sequences and computes the mean similarity score 
for the shuffled sequence with the test sequence (in this case, 
ORF-1 of L 10c). The similarity score for the match between the 
true sequences is compared with the mean score for the shuffled 
sequences in terms of the number of standard deviations that 
separate them. 

Genomic Blot-Hybridization. Rabbit genomic DNA was ana- 
lyzed by Southern (1975) blot-hybridization using a modification 
of the hybridization procedure of Church and Gilbert (1984). 
Rabbit genomic DNA was digested by restriction enzymes and 
size fractionated on an 0.8% agarose gel before being transferred 
to a nylon filter (Nytran, Schleicher & Sehuell). The hybridization 
solution was 0.5 M sodium phosphate, pH 7.2, and 5% sodium 
dodecyl sulfate. The blots were hybridized at 60~ overnight and 
then washed four times with 40 mM sodium phosphate, pH 7.2, 
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5 GGCCGCACCCATCTCAAGCCTCCAAGGCTCCTCCAACAGCAGGCAGTCCACTTAACATGGACACAGTATA~GAAAAAAAAAAAACG I00 

5 CACAGTGAcACAAGAAGAATTAACTATG•CGAGTAA•AAA•ACAGAAATAGAGGGAGCAAGAT•AACGATGA•AcTATGATGC•TCCAAATAAGCAAAAC 200 

5 ACCCcAAGC•AAGAGTATGAAGATGATGAGATAGAAGAAATG•AAGATACGGATTT•AAAAAATTTATGATAAGAACATTTAGAAGTTTTCAAAAGCAAA 300 

5 TCCTTGAACTACAGAAATCCTTAATGGACAAGATTGAAAATCTCTCTCGTGAAAATGAAATTTTAAGGAAGAGTCAAAATGAAACTCAGAAACTAGTAGA 400 

5 ACAGGAAAGTGTAATAGTGAAGAGAAATCAAAATGAAATGAAGAGCTCAATAGATCAAATGGCAAACACATTAGAAAGCCTTAAAAACAGAATGGGTGAA 500 

5 GCAGAAGACAGAATATTGGACTTAGAAGAcAGAG•A•AGGAAAGTATACAGTCAAACCAAAGAAAAGAAGAGGAAATTAGAAATCTAAAAAATATTGTTG 600 

5 GGAATCTACAGGATACTATTAAAAAAACCAACATTCGAGTTCTAGGAGTTCCTGAAGGCATGGAGAGAGAGAAAGGATTGGAAGGCCTTTTTAGTGAGAT 700 

5 ACTAGCAGAGAACTTTCCAGGTTTGGAGAAGGA•AGAGATATCCTAGTA•AGGAAGCTCATAGAAC•CCCAATAAA•ATGACCAAAAGAGATCCTCACAC 800 

5 GACACGTGGTAATTAAACTTACCACAGTGAAACATAAAGAAAAGATCCTAAAATGTGCAAGAGAGAAACATCAGATTACTCTCAGAGGATCTCCAATCAG 900 

5 A•T•ACAGCAGACTTCTCATCAGAAACCCTACAAGCTAGGAGGGAATGGCGAGACATAGCA•AGGTGCTAAGAGAGAAAAATTGCCAGCCCAGAATATTA i000 

5 TATCCTGCCAAGCTCTCATTTGTGAATGAAGGTGAAATAAAGACCTTTCATAGCAAACAGAAATTGAAAGACTTTGTGGCCACTTGTCCGGCCCTGCAAA 1100 

5 AGATACTTAAAGATGTGCTACACTCAGAAACACAGAAACACGGCCATCAATATGAAAGAAGGGAAAGGAAGAACACCTACCAGTAAAAGAGCATGGGAAG 1200 

5 CTCAAAGCATATACTAGAAAATATTTCCGGGAAAATGGCAGGGCAAAGTCACTACGTATCAATTGTCACATTGAACATTAATGGTCTGAATTCTTCAGTT 1300 
4 GGGAAAATGGCAGGGCAAAATTAC-ACTTATCAATAGTCACACTGAACGTTAATGGCCTGAACTGTCCAGTT 

5 AAAAGACACCGTTTGGATGACTGGCTCACAGAACACAACCCAACTATTTGTTGCCTACAAGAAACACATCTCTCTAACAAAGAGGCATGCAGACTGAAAG 1400 
4 AAAAGACATAGATTGGCTGATTGGGTTAAGGAACAAAACCCATCTATTTGCTGCTTACA-GAAACACATCTTTCCAACAAAGATGCATCCAGACTGAATG 

5 TGAAAGGTTGGAAAAAGATATT••ATGccAACAGAAACCAAAAAA-AGCAGGTGTAGCCATATTAATAT•AGA•AAAATAAACTTTAATACAAAAAcTGT 1499 
4 TGAAAGGCTGGAGAAAGATATTCCATGCCAACAGAAATGAAAAAAGAGCAGGCATAACCATCTTAATATCAGACAAAATAAACTTTAGCACAAAAACTGT 

5 TAAGAGAGACAAAGAGGGACACTATATAATGATTAAGGGTTCAATTCAA•AGGAAGA-TGTAACTATTATAAATGTATATGCACCTAATTACAGGG•A•C 1598 
4 TAAGAGAGACAAAGAGGGGCACTACATAATGATTAAGGGATGAATTCAACAGAAAAAATATAACGATTATCAATGTATATGCACCTAATTACAGGGCACC 

5 GGT•TATTTAAAAGATATGTTAAGGGACTTAAAGGGAGACTTAGATTCCAATAcAATAGTACTGGGGGACTT•AATACT•CACTCTcAGAAATAGACAGA 1698 
4 GGTTTATTTAAAAGATTTGTTAAGAGAGTTAAAGGGAGACTTAGACTCCAATAC/L~TAGTACTGGGGGACTTCAATACTCCACTCTCAGAAATAGACAGA 

5 TCATCCGGACAGAAGATCAACAAGGAAACAGCAGATTTAATTGACACTATTGCCCAAATGGATCTAACAGATATCTACAGAACTTTCAACCCTACATCTA 1798 
4 TCA-CAGGAcAGAAGACTA-CA-GGAAACAGTACATTCAAAGGATACTATAGCCCAGATGGATCTGACACATATCTACAGAACTTTTCATCCTGCACTTA 

5 CAGACTTCACATTCTTCTCAGCAGCGCATGGGACCTTCTCTAGGATTGATCACATACTAGGCCATAAAGCAAGTCTCAGCAAATTTAAAAGAATTAGAAT 1898 
4 AAGAATTTACATTCTTCTCAGCAGTACATGGAACCTACTCTAAGATTAACCACATACTAGGCCATAAAGCAAGTCTCAGCACATTCAAAAGAATTAGAAT 

5 CATACCATGCAGCTTCTCAGACCACAGTGGGATGAAGCTGGAAATTAGCAACTCAGGAAACCCAAGAAAGTATGCAAACACATGGAGACTGAACAACATG 1998 
4 CATATGATGCAGCTT•TcAGACCATAATAGAATGAAGTCGGAAATTAGCAACT•AGGAATCcCTACAG•ATATG•AAACACATGGAGAGTGAACAACATG 

5 CTCCTGAATGAACACTGGGTCATTCAAGAAATCAAAAGAGAAATCAAAAACTTTCTGGAAGTAAATGAAGACAACAACACAACATATCAAAACTTATGGG 2098 
4 C T CC TGAATGAACACTAGG T CAT CAAAGAAATCAAAAGAGAAATC AAAAAC T TTC TG GAAG TAAATGAG GATAACAG CAC AACATAC CAAAATG TAT GAG 

5 ATACAGCAAAAGCAGTATTGAGAGGCAAATTTATAGCAATAGGTGCCTATATCAAGAAATTGGAAAGGCACCAAATAAATGAGCTTTCAGTGCACCTCAA 2198 
4 ATGCAGCGAAAGCAGTGTTAAGAGAAAAGTTTATATCAATAGGTGCCTACATCAAGAAATTGGAAAGGCACCAAATAGATGAGCTTTCAAATCACCTCAA 

5 GGACCTAGAAAAACTG•AG•AAAC•AAA•••AAAT•TAGTAGGAGAAGAGAAATAATTAAAAcCAGAGAAGAAATTAACAGGATTGAATCAAAAAAAAAA 2298 
4 GGATCTAGAAAAACTG•AGCAAAGCAGACCCAAAT•TAGTAGGAGAAGAGAAATAATTAAAATCAGAGAAGAAATCAACAGGATTGAATCCAAAAAAA-- 

5 AAAA•ATTACAAAAAATCAGCCAAGCGAGAAG•TGGTTTTTTGAAAAAATAAA•AAAATTGACACCCCATTGG••CAA•TAA•TAAAAAAAGAAGAGAAA 2398 
4 ...... TTACCAAAAATCAGCCAAATGGGGAGCTGGTTTTTTGAAAAAATAAACAAAATTGATACCGCATTAGCTCAACTAACTAAAAGAAGAAGAGA-- 

5 AGACCCAAATCAATAAAATCAGAGATGAAAAAGTAAACGTAACAACAGACACCACAGAAATAAAAAGAATCATCAGAAATTACTACAAGGACcTGTATGC 2498 
.... CCAAATCAATAAAATCAGAGATGAAATAGGAAATGTAACAGCAGACACCACAGAAATGAAAAGAATCATCAGAAATTACTACAAGGAC-TGTATGC 

5 CAGCAAACAGGAAAACCTATCAGAAATGGATAGATTC•TGGACACATGCAATCTACCAAAATTGAACCATGAAGACATCGAAAACCTAAATAGACCCATA 2598 
4 CAGCAAACAGGGAAATCTATCAGAAATGCATAGATTCCTGGACACCTGCAACCTACCTACATTGAACCAGGAAGACATCGAAAGCCTAAACAAACCCATA 

5 ACTGAAACAGAAATTGAAACAGTAATAAAGGCCCTCCCAACAAAGAAAAGCCCAGGACCAGATGGATTCACTGCTGAATTCTACCAGACATTTAAAGAAG 2698 
4 ACTGAGGCAGAAATTGAAACAGTAATAAAGGCCCTCCCAACAAAGAAAAGCCCAGGACCAGATGGATTCACTACTGAATTCTACCAGAAATTTAAAGAAG 

5 AACTAATCCCATTATTCTCAAACTATT•AGAACAAT•GAAAAAGAGGGAATCCTCCCAAATTCTTT•TATGAAG•CAGCATCACCTTAATCCCTAAGCCA 2798 
4 AACTAACTCAATTCTTCTCAAACTATTCAGAACAATTGAAAAAGAGGGAATCCTCCCAAAATCTTTCTATGAATCCAGCATCACCTTAATTCCTAAGCCG 

5 GAGAAAGATGCAGGACTGAAAGAAAATTACAGACCAATATCCCTGATGAACATAGATGCAAAAATCCTCAATAAAATTCTGGCCAATAGAATACAACAAC 2898 
4 GAAAAAGATGCAGCATTGAAAGAAAATTACAGAACAATATACCTAATGAACATAGACT•AAAAATTCTCAATAAAATTCTGGC•AACGGAGTG•AA•AAC 

5 ACATCAGGAAAATCATCCACCCAGACCAAGTGGGATTCATCCCTGGTATGCAGGGATGGTTCAA-TGTTCGCAAATCAATCAATGTGATTCACCACATTA 2997 
4 ATTTCAGAAAGATCATTCACCCAGACCAAGTGGGATATAACCCTGGTATGCAGGGATGGTTCAAGTGTTTGCAAAT ........ GTGATACACCACATTA 

5 ACAGACTGCAGAAGAAAAACCATATGGTTATCTCAATTGATGCAGAGAAAGCATTTGATAAAATTCAACAcCCTTTCATGATGAAAACTCTAAGCAAATT 3097 
4 ACAGACTGCAGAAGAAAAACCATATGATTATCTCAATAGATGCAGAGAAAGCATTCAATAAAACACAAGACCCTTTCATGGTGAAAACTCTAAGTAAACT 

Fig. 2. Sequence alignment of  the L I repeats ~om the rabbit B-like globin gene cluster. The sequences of  L lOc5 and L IOc4 were 
aligned by the program N U C A L N  (Wilbur and Lipman 1983). The other repeats, L1Ocl,  LlOc3,  and LIOc2, were placed in the 
alignment by inspection. The numbers at the right are for LIOc5, the prototypical rabbit LI. The flanking direct repeats of  L1Ocl 
and L1Oc3 are in bold lette~. The internal direct repeats in LIOc5 and L1OcI are in lower-case letters. The conserved stop codon 
at positions 5060-5062 and the RNA polymerase II polyadenylation signal at positions 6431-6436  are underlined. Continued on 
pages 6 and 7. 



6 

5 GGGTATAGAAGGAACATTCCTCAATATAATCAAAGCAATTTATAAAAAA•CCACAGCCAGCATCCTATTGAATGGGGAAAAGTTGGAAG•ATTTCCACTA 3197 
4 GGGTATAGAAGGAATGTT••TCAATA•AAT•AAAGCAATTTATGAAAAACCCACGACCAGCATC•TATTGAATGGGAAAAAGTTGGAAGCATTT•CACTG 

5 AAATCTGGCACCAGGCAGGGATGC••ACT•TCA•CACTG•TATTTAACATAGTTCTGGATGTTTTAGCCAGAGCCATCAGACAAGAAAAAGAAATCAAAG 3297 
4 AGATCTGGTACCATACAGGGATATCCATTCTCACCACTGCTATTCAGTATATTTCTGGAGGCTTTAG•CAGAGCTGTTAGGCAAGAAAAAGAAATTGAAG 

5 GAATACAAATCAAGAAGGAAGAAGTCAAACTATCCCTCTTTGCAGACGATATGATTCTGTACTTAGAGGATCCAAAGAACTCTACTAAGAGACTATTGGA 3397 
4 GGATACAAG ........................................................................................... 

5 ACTCATAGAGGAGTTTGGCAAAGTGGCAGGATATAAAATCAATGCACAAAAATCAACAGCCTTTGTATACACAAGCAATGCCATGGCTGAGAAAGAACTG 3497 
4 .................................................................................................... 

5 CTAAGAT•AATCCCATTCACAATAGCTACAAAAACAATCAAATACCTTGGAATAAACTTAACCAAGGACGTTAAAGATCTCTACGATGAAAATTACAAAA 3597 
4 .................................................................................................... 

5 CCTTAAAGAAAGAAATAGAAGAGGATACCAAAAAATGGAAAAATCTTCCATGCTCATGGATTGGAAGATCAACATCATCAAAATGTCCATTCTCCCAAAA 3697 
4 .................................................................................................... 

5 GCAATTTATAGATTCAATGCAATACCAATCAAGATACCAAAGACATTCTTCTATGATCTAGAAAAAATGATGCTGAAATTCATATGGAGGCACAAGAGAC 3797 
4 .................................................................................................... 

5 CT•GAATAG•TAAAG•AATCTTGTACAACAAAAACAAAGCCGGAGGCAT•ACAATAC•AGACTT•AGGACATACTA•AGGGCAGTAGTTATCAAAACAG• 3897 
4 .................................................................................................... 

5 ATGGTACTGGTACAGAAACAGATGGATAGACCAATGGAACAGAATTGAAACACCAGAAATCAATCCAAACATCTACAGCCAACTTTTATTTGATCAAGGA 3997 
4 ............................................................................ AGCCTACTTATATTTGATCAGGAA 

5 TCTAAAACTAATTCCTGGAGCAAGGACAGTCTATTCAATAAATGGTGTTGGGAAAAcTGGATTT•CACGTGCAGAAGCATGAAGCAAGAcCCCTAC•TTA 4097 
4 TCTAAAACCAATTCCTGGAGCAAGGACAGTCTATTCAATAAATGGTGCTGGGA ........ TTTCCACGTGCTGAAGCATGAAGAAAGACCCCTACCTTA 

5 CATCTCACACAAAAATCCACTCAACATGGATTAAAGACCTAAATCCACGACCTGACACCATTAAGTTATTAGAGAACATTG•AGAAACCCTTCAAGATAT 4197 
4 CACCTTACACAAAAATCCACTCAACATGGATTAAAGACCTAAATCTATGACCCGACACCATGAAGTTATTAGAGAACATTGGAGAAACCCTGCAAGATAT 

5 TGG•ACAGGCAAAGAATTT•TGGAAAAGA•CCGGGAGGCACAGGCAGT•AAAGC•AAAATCAACTATTGGGATTGCATCAAATTGAGAAGTTTCTGTA•T 4297 
4 TGGCACCG-CAAAGACTTCTTGGAAAAGAcCCTGGAGGCACAGGCAGTCAAAGCCAAAATTAACTATTGAGATTACATCAAATTGAGAAGTT-CTGTACT 

5 GCAAAAGAAAcAGTCAGGAGAGTGAAGAGACAACCAACAGAATGGGAAAAAATATTTG•AAAcTATGCAACAGATAAAGGGTTAATAA•CAGAATCTAcA 4397 
4 G CAAAAGAAGCAG TCAG GA-AG T GAAGAG G CAAC T GACAGAATG G GAAAAAATATTT G CAAAC TAAG CAACAGATAAAG CAT TAATAG C TAGAATC CACA 

5 AAGAAATCAAGAAACTCCACAACATCAAAACAAACAACCCACTTAAGAGATGGACCAAGGACCTCAATAGACATTTTTCAAAAGAGGAAATCCAAATGGC 4497 
4 AAGACATAAAGAAACTCCACAGCATCAAAACAAACAACCCACTTAAGAGATGGGCCAAGGACCTCACTTGCCATTTTTGAAAAGAGGAAATCCAAATGGC 

5 CAACAGGCACATGAAAAAATGTTCAAGGTCACTAGCAATCAGGGAAATGCAAATCAAAACCACAATGAGGTTTCACCTCACCCCGGTTAGAATGGTTCAC 4597 
4 CAACATCCACATGAAGAAATGTTCAAGATCG•TAGCAATCAGGGAAATGCAAAT•AAAAC•ACAATGAGGTTT•ACCTCA•C••G•TTAGAATGGCTCA• 

5 ATGCAGAAATCTACCAACAACAGATGCTGGTGAGGATGTGGGGAAAAAGGGACACTAACCCACTGTTGGTGGGAATGCAAACTGGTCAAGCCCCTATGGA 4697 
4 ATACAGAAAT•TACCAACAATAGATGCTGGAAAGGATGTGGGGAGAAAGGGACACTAACCCACTGTTGGTGGGAATGCAAACTGGTTAAGCCCCTATGGA 

5 AATCAGTCTGGAGATTCCTCAGAAACCTGAATATAACCCTAcCGTTCGACCCAGCCATCCCACTCCTTGGAATTTACCCAAAGGAGTTTAAATTGATAAA 4797 
4 AGTCAGTCTGGAGAT-CCTCAGAAACCTGAATATAACC•TACCATACAACCCAGCCATCCCGCTCCT-GGAATTTACCcAAAGGAAATTAAATTGGCAAA 

5 GAAAAAAGCGGTCTGCACCCTAATGTTTGTTGCAGCACAATTCACAATAGCCAACACCTGGAACCAACCTAAATGCCCATCAATGGTAGACTGGATAAAG 4897 
4 CAAACAAGCTGTCTGCA•CT•AATGTTTATTGCGGCTCACTTCACAATAGCTAAGACCTGGAACCAA•C•AAATGC••ATCAA•AGTAGACTGGAGGAAG 

5 AAATTATGGGATATGTATTCTTTAGAATACTATACC---GCAGTAAGAAACAACGAAATCCAGTCATTTGCAACAAAATGGAGGAATCTGGAACACAT•A 4994 
4 AAATTATGGGACATGTACT•TATAGAATA•TATATAGAAGCAAAAAAAAACAATGAAATCCGGTCATTTGCAACAAAATGGAGGAATCTGGAACACATCA 

5 TGCTGAGTGAAGTAAGCCAGTCCCAAAGGGACAAATACCATATGTT~TCCCTGATCGGTGACAA(~TGAACACCAAAAAGGAAACCTCCTGAAGTGA 5094 
4 TGCTGAGTGAAATAAGCCAGTCCCAAAGGGACAAATATCATATGTTCTCCCTGATCAGTGACAA(~F.-r 
1 ATACTCAT~CTGAACACCAAAAAGGAAATCTGTTGAAGTGA 

5 AATGGACACTATGAGAAATGGTGACTTGATCAGC-ATAGCCCTGACTGCTAATGGACAACTTAATACATTATCCCTCATAGTATTTTTTTTGTCTGTTCT 5193 
4 AATGAACACTATGAGAAACAGTGA•TTGAACAGCCCTTGTCCTGA•TGTTGATGTACAATGTAATACTTTATCC•TTTTAGTATTTTTT--GGTTGTT•T 
1 AATGGAcACTATGAGAAACGGTGACTTGATCAGC-AGAGCcCTGACTGTTAATGAACAACTTAATACATTATCCCTCTTATTAGTTTTTT-GT•TGTTCT 

5 ACTTAATATGACTGGTTTAATTCTGTAATTATCACACAGTTATTCTTAAGTGTTGAAAATTAACTGAAATGTGATCCCTGTTAAA•ATAAGAGTGGCAAT 5293 
4 ACTT~a~.TA~TATTGGTTGAACT~TGT/~TT~CACAC/~TTATTCTTAGGTGTTT/~a`TTT/~CTG~GTAATCCCTGTTA AATATAAGAGTGGG~T 
1 ACTTAATATGACTGGTTTAATT•TGTAATTTATACACAGTTATTCTTAAGTGTTGAAAATCAACTAAAATGTGATCCCTGTTAAACATAAGAGTGGGAAT 

5 AAGAGAGGGAAGAGATGTATAATTTGGGACATGCTCAGGCTGACTTGCCCCAATTGGTAGAGTTGGAAACATACCAGGGGATTCCAATTCAATCCcATCA 5393 
4 AAGAGAGGGAAGAGATGTGCAATTCGGGACATGCTCAAACTGACTTACCTCAAATGGTAGAGTTAGAAACAGACCAGGGGATTCGAATTCAATCCCATTG 
1 AAGAGAGGGAAGAGATGTACAATTTGGGACATGCTCAAGCTGACTTGCCCCAAATGGTAGAGTTAGAAACATACCAGGGGATTCCAATTCAATCCCATCA 

5 AGGTGGC-ATGTGCCAATGCCATCT•ACTATTCCAAGTGATcAATTTCAGTTCACAATTGATCATAATGAAAGGACTAAGAGTCAAAGGGAGCA•ATAAA 5492 
4 AGGTGGCCATGTTCCAATGCCATCTCACTAGT•CCAGTGATCAATTTCTGTTCACAATTGATCGTAATGATAGGCATAAGAGTCAGAGGGATCACATAAA 
1 AGGTGGC-ATGTACCAATGCCATCTC-CTAGTCCAAGTGATCAATTTCACTTCACAATTGATCATAATGAAAGGACTAAGAGTCAAAGGGAGCACATAAA 

5 CAAGTCTAGTATCTGCTAACACTAACCGATAGAATAAATAAAGGGGAGAGTGATCCAACATGGGAAGTGAGATACTCAGCAGACTCATAGAATGGCGGAG 5592 
4 •AAGACTAGTGT•TGCTAATACTAA•TGACAGAATTAAAAATGGAGAGAACATT•CAACATGGGAAATGGGATA•A•ATCAGA•TCATAGAATGG•ACA- 
1 CAAGTCTAGTACCTGCTAACACTAACCGATAGAATAAATAAAGGGGAGAGTGATCCAACATGGGAAGTGAGGTACTCAGCAGACTCATAGAATGGCAGA- 

Fig. 2. Continued 

l mM EDTA, and 1% sodium dodecyl sulfate. The wash solution 
was heated to 68*(? before washing at room temperature. Probes 
were labeled with n p  by nick-translation (Rigby et al. 1977) of 
DNA fragments or recombinant plasmids from L1 Oc5 or L 1 Oc4. 

Determination of Copy Number. The copy number of  L |  Oc 
was determined by plaque hybridization. Regions of L 1 Oc5 were 
riP-labeled and used as probes against the rabbit genomic ~ li- 
brary (Benton and Davis 1977) using the same hybridization 



5 TGTCCTAAATAG•ACTCTGGCCTCAGAATCAGCCCTAAAGGCACTCGGATCTGGCTGAAAAGCCCATGAGAGTATTTCAGGCA-TGGAAAGCCAAGACAC 5691 
4 TGTCCTAAACAGCACTCTGGCCTCAGAATCAGCCCTTAAGGCATTCACATCTGGCTGAAGAGCCCATGAAAGTATTTCAGGCAATGGAAAGGTAAGATGC 
I TGTCCTAAATAGCACTCTGGCCTCAGAATCAGCCCTAAAGGCATTCCGATCTGGCTGAAAAGCCCATGAGAGTATTTCAGGCA-TGGAAAGCCAAGACAC 

5 TCTGGCAAAA .................................. AGATCTCTGTGAATGAGATCCCAGTGGAAAGAACAGGTCTTCAAAGAGGGAGGTGC 5757 
4 TCTAGAAAAAAAAAAAAAAAAAGGAGTTAAATGAGCTAAATGAAAGATCTCTGTGAGCGAGATCCCAGTTGAAAGAATGGGCCATTGAGGAAGGAGGTAC 
1 TCTGGCAAA ................................... AGATCTCTGTGAGTGAGATCCCAGTGGAAAGAACAGGTCTTCAAAGAAGGAGGTAC 

5 CTTTCTCTGAAGGGAGGAGAGAACCTCCACTTTGACTATGACCGTGTcTAAACAAGATAAGAGTCGGAGAACTCAAGGGGCTTCCATAGCCTTGGAAACT 5857 
4 CGTTCTCTAAAGGGAGGAGTGGACTTCCACTTTCACTATGACCTTGTCTAAATAAGATCGAAGTCAGTGAACTCAAAAGGCCTCCATAGCCTTGGTAACT 
1 CTTTCTCTGAAGGGAGGAGAGAACCTCCACTTTGACTATGACCTTGTCTAAATAAGATAAGAGTCGGAGAACTCAGAGGGCTTCCATAGCCTTGGAAACT 
3 AACTCAAAAGGCTTCCATAGTCTTGGCAACT 

5 CATGACTGGTGCATAGGGAGATTACTGATGCCATAAACAGGAGTGTCAATTTGTAAAGTCAACAAC-AGGAGTCACTGTGCACTTACTCCTCATGTAGGA 5956 
4 CATGACAGGAGCCTGGGGAGATAACTGACCCCCTAAACAAGAATGTCAATTTGTTAAGTCAACGAC-AGGAGTCGCTGTGCACTTACTCCTCATGTAGGA 
1 CATGACTGGAGCATAGGGAGATTACTGATGCCATAGACAGGAGTGTCAATTGGTAAAGTCAACAAC-AGGAGTCACTGTGCACTTACTCCTCATGTAGGA 
3 CATGACAAGAGCCTAGGGTGATTACTGATGCCATAAACA-GAGTGTCAATTTGTTAAGTCAACAACGAGGAGTCACCGTGCACTTACTCCTCATGTAGGA 

5 TCTCTGTcCTTAATGTGCTGTACACTGAAGCTTAATGCTATAACGAGTACTCAAACAGtatatttcactttqtqtttctatqqqqqtqcaaacqattqaa 6056 
4 TCTCTGTCCTTAATGTGTTGTTCAATGTGAATTAATGCTATAACTAGTACTCAAACAGTAT-TTATACTTTATGTT-CTGTGTGGGTGCAAACTGTTAAA 
I TCTCTGTCCTTAATGTGCTGTACATTGAGACTTAATGCTATAACGAGTACTCAAACAAtatatttcactttqtqtttctatqqqqqtqcaaactqttqaa 
3 TCTCTGTCCTTAATGTGCTGTACATTATGATTTAATGATATAACTAGTACTC .... AGTGTTTTTCACTTTGTGTTTCTATGTGGGTGCAAACTGTTGAA 

5 atctttacttaatqtacactaaactqatcttctqtaAAAAAAAAAAGAAAAGAAAAAAAAAAGAAATTATCAATTCCCAACTTGACTCTCACTGGGATTA 6156 
4 ATCTTTACTTAATATATACTAAATTGATCTTCTGTA ................................................................ 
I atctttacttaatqcatactaaactqatcctctqta .............. AAAAAAAAAAAAGAAATTATCAACTCCCAACTTGACTCTCACTGGGATTA 
3 ATCTTTACTTAATATATGCTAAACTGATCTTCTGTA ................................................................ 

5 AACATGACAATAGGTCT~AT~TGATTTCATCAT~ATTTAAAAAAAAATCATCTATtatttttcactttatqtttctqtqtqqqaqcaaactqttqaaatc 6256 
4 .................................................................................................... 
1AACATGACAATAGGTCTGATCTGATTTCAT~ATCATTTAAAAAAAA-T~ATCTATtatttttcactttatqtttctqtqtqqqaqcaaactqttqaaatc 
3 .................................................................................................... 

5 cttacttaaqqtatactaaqctqatcttctqcaTATTAAGATAAT-AAAAATGAATCTTGATGTGAAT-GGAAG-GGGAGAGGGAGTGGGAAA-GGGGAG 6352 
4 ................................. TATAAAGATAATTGAAAATGAATCTTGATGTGAAT-GGAAT-GGGAGAGGGAGCAGGAGA-TGGGAG 
1 cttacttaatqtatactaaqctqatcttctqtaTATTAAGATAATCGAAAATGAATCTTGATGTGAAT-GGAAG-GGGAGAGGGAGTGGGAAA-GGGGAG 
3 ................................. TATAAAGAGAATTGAAAATGAATCTTGATGTGAAT-GGAAG-GGGAGAGGGAGTGGGAAA-GGGGAG 
2 AACTTACTATGAACTGATCTTCTGTAAATAAAGAGAATTGAAAATGAATTTTGATGTGAATAGGAAGAGGGAGAGGGAGCGGGAAAAGGGGAG 

5 GGTTGTGGGT-GGGAGGG-ACGGTAT---GGGGGGGAAGCCATTGTAACCCATGAGTCGTACTTTGGAAATTTATATTCATTAAATAAAA-GATAAAAAA 6446 
4 GGTTGCAGGTTGGCAAGGCAAGTTAT---GAGGATGAAGCCATTGTAATCTATAAGCTGTAATTTGGAAATTTATATTTATTAAATAAACAGTTAAAAAT 
1 GGTTGTGGGT-GGGAGGG-ACGGTAT---GGGGGGGAAACCATTGTAATCCATAA-TCGTA-TTTGGAAATTTATATTCATTAAATAAAA-GTTAAAAAA 
3 GGTTGCGGGT-GGGAGGG-AAGTTATGGTGGGGGGGAAGCCATTGTAATCCATAAGCTGTACTTTGGAAATTTATATTCATTAAATAAAT-GTTAAAAAA 
2 GGTTGTGGGT-GGGAGGG-AAGTTATG--GGTTGGGAAGTCACTGTAATCCATAAGCTGCACTTTGGAAATTTATATTCATTA~ATAAAA-GTTAAAAAA 

5 AAAGAATAAATG TAAAATAAATAC AAT TTT G GAGAAAAAAAATATATC T TT 
4 TAAATAAATAAAATAAAAATT G CGT TTTGTATTAAAC AATGAACAAAATAT 
1 AATAC T CAT ~TAATAAAAATGGCATC C CTTCTATT TCC TAACAT TTTATT 
3 AAAACATTTGGAAGACCTCTTTCCCCAGTATTCAGCATTTGAAAATGCCTT 
2 AAAAAAGCAAAAAAAAAAAAG~ACTTGTGACAAGCATAAGTAATTACTGT Fig. 2. Continued 

conditions as in the Southern blot analysis. The ratio of per- 
centage of plaques that hybridized to the percentage of the rabbit 
genome in one h clone gives the approximate copy number of 
the region. The average size of an insert in this ~, library is 17 kb 
(Maniatis et al. 1978). Thus, the fraction of the rabbit genome 
per phage is 17 • 103/3 x 109 or 5.7 • 10-4%. The fact that 
96% of the phage in the library have rabbit DNA (Maniatis et 
al. 1978) was also taken into account. 

Rodent and Human L1 Sequences. The mouse LI sequence, 
LIMdA2 (Loeb et al. 1986), and the rat LI sequence, L1Rn or 
LINE3 (D'Ambrosio et al. 1986) are randomly isolated L1 mem- 
bers from their respective genomes. The human L1 sequence, 
L1Hs-TBG41, is located 3.3 kb 3' to the human/]-globin gene 
(Hanori et al. 1985). A consensus L1Hs sequence (Scott et al. 
1987) was used in the analysis of ORF-I in Fig. 8. 

Results 

Comparisons a m o n g  the Rabbit  L1 Repeats  
in the {3-like Globin Gene Cluster 

The  in terspers ion  o f  repet i t ive  sequences  a m o n g  the 
rabb i t  B-like globin genes is s h o w n  in Fig. 1. T h e  
genes ~ and  7 ( former ly /34  and/33)  are expressed  in 
e m b r y o n i c  d e v e l o p m e n t  ( R o h r b a u g h  and  H a r d i s o n  

1983), ~ (~b/32) is an inac t ive  p seudogene  (Lacy and  
Mania t i s  1980), and /3  (/31) is expressed  in fetal and  
adul t  life (Ha rd i son  et al. 1979; R o h r b a u g h  et al. 
1985). The  5' to  3' o r i en ta t ions  o f  the p r o p o s e d  
R N A  i n t e rmed ia te s  o f  the repet i t ive  e lements  are 
ind ica ted  by  the a r rows  in Fig. 1; the  A- r i ch  t racts  
are  at the 3'  ends.  The  sequences  o f  the five L 1 O c  
repeats  are p resen ted  in Fig. 2. L 1 O c 5  is ad jacen t  
to L1 Oc4  (Fig. 1), so the last nuc leo t ide  in the L1 Oc5 
sequence  is fo l lowed by  the first nuc leo t ide  in the  
L1 Oc4  sequence  (Fig. 2) in the sequence  o f  the  gene 
cluster  (Margo t  et al. 1989). 

The  longest  m e m b e r  o f  the rabb i t  L1 fami ly  in 
the /3-like g lobin  gene cluster  is L1Oc5 .  The  next  
longest  m e m b e r  is L I  Oc4;  it has an  internal  de le t ion 
o f  667 bp  (Fig. 2, pos i t ions  3306 -3973 ) .  This  is 
clearly a dele t ion f r o m  L I Oc4  and  no t  an  inser t ion  
in L 1 O c 5  because  a s imi lar  sequence  is p resen t  in 
bo th  m o u s e  and  h u m a n  L l s  ( D e m e r s  et al. 1986). 
L1 Oc5  will be  the  p ro to typ ica l  r abb i t  L1 for  fur ther  
analysis  because  it is the  longest  and  has no  exten-  
sive internal  delet ions .  T h e  5' end  o f  L 1 O c 5  is also 
the end  o f  the c loned  region o f  the rabb i t  /3-like 
g lobin  gene cluster  (see Fig. 1). O n l y  two o f  the  
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Fig. 3. Features of L IOc revealed by 
the sequence alignment. The individual 
LIOc repeats are shown as open boxes 
with the conserved termination codon, 
TGA, indicated by the dotted line and 
the polyadenylation signal, AATAAA, 
indicated at the 3' (right) end. Gaps 
within an individual repeat are internal 
deletions. The 78-bp sequence that is 
present as a direct repeat in L1Oc5 and 
LIOcl is shown as a filled box. The 
other L1 members in the gene cluster 
have a single copy of the direct repeat. 
The positions of the B, E, and D re- 
peats identified by Shen and Maniatis 
(1980) are shown at the bottom of the 
diagram. 

individual repeats, L1Oc4 and L1Oc5,  contain se- 
quences for the O R F  region (Demers  et al. 1986). 
The other three repeats contain part or all o f  the 3' 
untranslated region. 

L1Oc5 and L1Oc l  have internal direct repeats 
of  78 bp in the 3' untranslated region. One copy o f  
the repeat is at posit ions 6015-6092 and the other  
is at posit ions 6212-6289 (lower case letters in Fig. 
2). L1Oc4 and L1Oc3 have only one copy of  this 
78-bp sequence, and they do not  contain the se- 
quence between the 78-bp direct repeat (present in 
L1Oc5 and L1Ocl) .  Thus, the class o f  L1Oc repeats 
containing one copy o f  the 78-bp sequence could be 
der ived from the class containing two copies by a 
deletion between the two 78-bp sequences. Another  
example o f  a sequence rearrangement  is the appar- 
ent insertion o f  34 bp into L 10e4  between posit ions 
5701-5702 of  L1Oc5. 

Most members  o f  the L1Oc family are flanked 
by short direct repeats. L 10c  1 and L 1 Oc2 are flanked 
by direct repeats o f  9 bp  and 5 bp, respectively (Fig. 
2). The  flanking direct repeats differ for the two 
individual L 1 repeats, showing that  they are not  part  
o f  the L1 sequence. Such flanking direct repeats are 
often generated by insertion o f  transposable ele- 
ments  presumably by repair o f  a staggered break at 
the target site. The  flanking direct repeats for L 1 Oc4 
and L1Oc5 cannot  be identified with the available 
data. The 5' end o f  L1Oe5 has not  been cloned. 
Because L1 Oc5 is juxtaposed to LI  Oc4, it is possible 
that L1Oc5 may have inserted into L1Oc4,  in 
which case the 5' end o f  L1Oc4 is also not  available. 
The only other  L1 member ,  L1Oc3, does not  have 
o b v i o u s  f lanking d i r ec t  r epea t s  g e n e r a t e d  by  
a duplication o f  the target site. The  sequence 
G T T A A A A A A A  found just  3' to the polyadenyla-  
t ion site (positions 6438-6447)  is also found up- 
stream f rom L1Oc3 (Margot et al. 1989). However ,  

because the sequence GTT(A)7 (or a slight variat ion 
o f i 0  is also found in all o f  the other  L1 sequences 
just  3' to the polyadenylat ion signal, it is likely not  
to have been generated by a target site duplication 
a round L1Oc3. This  terminal  repeti t ion could be 
generated by insert ion o f  a circular form of  L1 by 
homologous  recombinat ion  into a GTT(A)7 se- 
quence at the target site. 

The structural features revealed by the al ignment  
and comparison of  the L1 members  f rom the rabbit  
~3-1ike globin gene cluster are summar ized  in Fig. 3. 
The  B, E, and D repeats identified by Shen and 
Maniatis (1980) are also aligned with their  posit ion 
in the L 1 0 c  sequence. The D repeat  is confined to 
the 3' untranslated region, whereas the B repeat  and  
most  o f  the E repeat are from the O R F  region. L1Ocl  
begins immediate ly  after the conserved translation 
stop codon. Figure 3 also illustrates the internal se- 
quence rearrangements  described above. 

Copy Number of Different Regions of LlOc 

The diagram of  L1Oc repeats in Fig. 3 shows that 
they are truncated at a variable distance f rom the 
5' end o f  the longest elements.  This  t runcat ion f rom 
the 5' ends is c o m m o n  in the whole populat ion o f  
LI  repeats, as demonst ra ted  by  using four regions 
o f  L1Oc5 as probes against the rabbit  genomic D N A  
library in a plaque hybridizat ion assay. By counting 
the number  o f  plaques that hybridized to a given 
probe, the approximate  copy n u m b er  o f  each region 
o f  the L1Oc5 repeat was de termined (see Materials 
and Methods).  As shown in Fig. 4, the 5 ' -most  re- 
gion o f  L IOc5  is represented about  11,000 times in 
the haploid genome of  the rabbit,  and regions o f  L1 
located more  3' are found more  frequently. The  larg- 
est increase in copy number  is seen in the region 
from posit ions 4351 to 6004 that  includes the 3' 



untranslated region; this region is represented at least 
66,000 times. However ,  the relat ionship between 
the length o f  the repeat  and the copy number  is not  
linear; only a gradual decrease in copy number  is 
observed as probes going f rom posit ion 4350 to po- 
sition 1 are used (Fig. 4). Therefore,  many  o f  the L1 
repeats detected with the probe from the 5' end may 
be full length, indicating that  up to 17% o f  the pop- 
ulation o f  L I O c  repeats could be full length. This 
difference in copy number  at the 5' and 3' ends o f  
L I O c  repeats is also observed when uncloned geno- 
mic D N A  is hybridized with the different L1Oc 
probes (data not  shown). Thus, the lower copy num-  
ber at the 5' end is not  a result o f  underrepresen-  
ration in the cloned genomic library. 

Approximate 5' End of  Full-Length LlOc Repeats 

Because the 5' end o f  L1Oc5 is at the end o f  the 
cloned port ion o f  the rabbit/3-1ike globin gene clus- 
ter, it is likely that the nucleotide sequence obta ined 
f rom L1Oc5 is not  that  o f  a full-length L1 repeat. 
Therefore,  cloned subfragments o f  L 1 Oc5 were used 
as probes against Southern (1975) blots o f  rabbit  
genomic D N A  to determine the average structure 
o f  full-length rabbit  L1 repeats. Discrete genomic 
restriction fragments detected with L1Oc5 probes 
were mapped  by two strategies. The  por t ion of  L 1 Oc 
contained within the genomic restriction fragment 
was de termined by which probes from L1Oc5 hy- 
bridized to the fragment,  and then the genomic  re- 
striction fragment was aligned with conserved re- 
striction sites found in the cloned LI  Oc DNA. This  
analysis is presented in detail in Demers  (1987), and 
the por t ion relevant  to the 5' end o f  L1Oc is sum- 
marized in Fig. 5. 

E= 

Probes (nt position in LI) 

Fig. 4. Copy number of regions of L1Oc. The copy number per 
haploid genome is plotted as a function of the location of the 
probe from the LI repeat. The location of the probe used for 
each region is given using the position numbers in Fig. 2. 
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The  longest restriction fragment extending 5' to 
the cloned end o f  L 1 Oc5 is the PstI 4.0-kb fragment 
that ends 1 kb 5' to the cloned region o f  L1Oc5 (Fig. 
5). The  ScaI 2.1-kb, SphI 1.9-kb, and XmnI 3.7-kb 
genomic  fragments all have 5' ends between the con- 
served PstI site located outside L1Oc5 and the 5' 
end o f  L1Oc5 (Fig. 5). These data indicate that  full- 
length L1Oc repeats wiI1 extend at least 1 kb further 
5' than the sequenced por t ion o f  L1Oc5. Several 
clones from the rabbit  genomic D N A  library are 
currently being studied in order  to determine the 5' 
end o f  L1Oc repeats. 

Comparison of LlOc with L1 Repeats from 
Mouse and Human 

The  sequence o f  the rabbit  L1 repeat  was compared  
with the sequences o f  the mouse  and human  LI  
repeats by dot-plots  and by sequence alignments.  
The  dot-plot  analyses in Fig. 6 show that  the internal 
sequence o f  L1Oc is very similar to bo th  L1 Md 
(mouse) and L1Hs (human) over  very long seg- 
ments,  whereas the 5' and 3' ends are not  conserved 
between species. The  internal region o f  sequence 
similarity o f  about  4.5 kb is d iv ided into two pans ,  
a short region o f  similarity o f  about  300 bp followed 
by a very long segment o f  similarity. 

The long segments o f  internal similarity are in 
the port ion o f  L 1 that encodes open reading frames 
(ORFs). The  ORFs  found in the L1Oc5 sequence 
are shown in Fig. 7, along with a compar i son  o f  the 
ORFs  f rom L1Md. The mouse  L I M d A 2  sequence 
contains two ORFs,  one of  1137 nucleotides (top 
strand, N frame in Fig. 7, bo t tom panel) and one o f  
3900 nucleotides (top strand, N + 1 frame in Fig. 
7), that overlap by 14 nucleotides (Loeb et al. 1986). 
Seven open reading blocks are in the rabbit  L1Oc5 
sequence in frames N, N + 1, and N + 2 (Fig. 7, 
top panel). The  bar  between the stop codon maps  
o f  each species shows the regions o f  similarity (Fig. 
6) as filled boxes. It is apparent  that the regions o f  
L1 that are similar between species contain exten- 
sive ORFs,  although the ORFs  at the 5' end are not  
similar between species. 

Rabbi t  L1 repeats have only two major  ORFs.  
Although the data in Fig. 7 show that  L1Oc5 has 
several ORFs,  they are probably der ived f rom lon- 
ger reading frames in the ancestral L1 sequence. The  
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Fig. 5. Restriction map of 5' end of L 10c repeats. 
Partial restriction site maps of L1Oc5 and L1 Oc4 are 
shown in the open boxes. The location of rabbit geno- 
mic DNA fragments (filled boxes) that hybridize to 
probes from L1Oc5 are shown below the restriction 
map; the fragments are labeled with the restriction en- 
zyme and their size in kb. 
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Fig. 6. Dot-plot comparisons of  L1 repeats from rabbit, mouse, and human. The sequences of  L1Oc5 (Fig. 2), L1MdA2 (Loeb et 
al. 1986), and L1Hs-TBG41 (Hattori et al. 1985) are compared using the graphical display of  sequence matches generated by the 
program MATRIX (Zweig 1984). Segments that match at 23 out o f  30 positions are shown by dots that form a diagonal. The 
comparison between rabbit and mouse L1 repeats is in part A, and the comparison between rabbit and human L1 repeats is in part B. 
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Fig. 7. Stop codons in rabbit and mouse L1 repeats. 
Stop codons in each reading frame are shown for L1 
sequences from rabbit (top, LIOc5), and mouse (bot- 
tom, L1MdA2). The positions of  stop codons are indi- 
cated by vertical lines. The stop codon map for the L1 
sequence from each species consists of  the stop codons 
in the three reading frames of  the top strand, followed 
by a diagram of the similar regions between species 
(indicated by the filled boxes--see Fig. 6), followed by 
the stop codons of  the bottom strand. 

ORFs shown for L1Oc5 in Fig. 7 can be linked into 
two long ORFs by making substitutions found in 
LI Oc4, and by making insertions or deletions nec- 
essary to maintain the alignment of  LIOc5 with 
regions of  similarity of  Lls  from mouse or human 
(Demers 1987). Examples of  such insertions to 

maintain the alignment can be seen at positions 798 
(ORF-1) and 1445 (ORF-2) of  the L1Oc5 sequence 
in Fig. 8. By aligning the sequences of  several human 
L1 repeats, Scott et al. (1987) recently concluded 
that L1Hs also contains two major ORFs. The dia- 
gram in Fig. 7 shows that the long region of  simi- 

Fig. 8. Alignment of  mammalian L1 sequences in the ORF-1 region and the beginning of  ORF-2. The sequences of  L1Oc5 and 
L1MdA2 were aligned using the program NUCALN,  and the sequences o f  the rat L1Rn sequence (D'Ambrosio et al. 1986) and the 
consensus human L1Hs sequence (Scott et al. 1987) were added by inspection, using the results of  dot-plot analyses (Fig. 6) and plots 
of  stop codons (Fig. 7) as a guide. In positions where the consensus L L Hs is degenerate, the nucleotide in L1Hs-TBG41 (Hattori et 
al. 1985) was used. The names of  the repeats are abbreviated Oc for L 1 0 c  (rabbit), Md for L1Md (mouse), Rn for L1Rn (rat), and 
Hs for L 1Hs (human). The nucleotide sequence is numbered beginning with the third nucleotide of  the L1 Oc5 sequence (Fig. 2), and 
the codons in the predicted translation frames for ORF-I and ORF-2 o f  L1Oc are also numbered. The sequence o f  LIMdA2 begins 
at position 1648 of  Loeb et al. (1986), L1Rn begins at position 1092 of  D'Ambrosio et al. (1986), and L1Hs begins at position 876 
of  the L] sequence in Scott et al. (1987). ORF-1 of  L1Md, as defined by Loeb et al. (1986), begins at position 28, after the underlined 
TAA. The hyphens are gaps introduced to improve the alignment. All in-phase termination codons are underlined, and the termination 



II 

Oc CCG CAC CCA 

Md CCC TCC AGG 

Rn AAA CAG GTC 

Hs AAA CAG CAT 

TCT CAA GCC 

TCT GCT CAT 

TAC AGC ACT 

CTG GAG TGG 

TCC AAG GCT 

AGA GGC TAA 

CCT GAC ACA 

ACC TCC AGT 

CCT CCA 

CAG AGT 

CAG GCT 

AAA CTC 

ACA GCA GGC AGT CCA CTT AAC ATG GAC 

CAC CTG AAG AAC AAG CTC TTA ACA GTG 

TAT AGG ACA GTC TAG CCA CTG TCA GAA 

CAA CAG ACC TGC AGC TGA GGG TCC TGA 

62 

Oc ACA GTA TAA 

Md ACA ACT AAA 

Rn ATA GCA GAA 

Hs CTG TTA GAA 

AAA AAA AAA 

ACA GCT AGC 

CAA AGT AAC 

GGA AAA CTA 

AAA AAGAAA 

TTC AGA GAT 

ACT AGA GAT 

ACA AAC AGA 

AAA AAA 

TAC CAG 

AAT CTG 

AAG GAC 

AAA CGC ACA GTG ACA CAA GAA GAA TTA 

ATG GCG AAA GGC AAA CGT AAG AAT CCT 

ATG GCG AAA GGC AAG CGC AGG ~C CCA 

ATC CAC ACC AAA AAC CCA TCT GTA CAT 

122 

Oc ACT ATG CCG 

Md ACT AAC AGA 

Rn AGC AAC AGA 

Hs CAC CAT CAT 

AGT AAC AAA 

AAT CAA GAC 

AAC CAA GAC 

CAA AGA CCA 

CAC AGA AAT 

CAC TCA CCA 

TAC ATG GCA 

AAA GTA GAT 

AGA GGG 

TCA TCA 

CCA TCG 

AAA ACC 

AGC AAG ATC AAC GAT GAC ACT ATG ATG 

GAA CGC AGC ACT CCC ACC CCA CCT AGT 

GAG CCC AAT TCT CCC ATC AAA ACA AAC 

ACA AAG ATG GGG AAA AAA CAG AGC AGA 

182 

Oc CCT CCA AAT 

Md CCT GGG CAC 

Rn ATG GAA TAT 

Hs AAA ACT GGA 

AAG CAA AAC 

CCC AAC ACA 

CCA AAC ACA 

AAC TCT AAA 

ACC CCA AGC 

ACC GAA AAT 

CCA GAA AAG 

AAT CAG AGT 

CAA GAG 

CTA GAC 

CAA GAT 

GCC TCT 

TAT GAA GAT GAT GAG ATA GAA GAA ATG 

CCA GAT TTA AAA ACA TTT CTC ATG ATG 

CTA GTT CCA AAA TCA TTT TTG ATC ATG 

CCT CCT CCA AAG GAA CGC AGC TCC TCA 

242 

Oc Gln Asp Thr 

Md Met Ile Glu 

Hs 

Oc CAA GAT ACG 

Md ATG ATA GAG 

Rn ATG CTG GAG 

Hs CCA GCA ATG 

Asp Phe Lys 

Asp Ile Lys 

Glu Gln Ser 

GAT TTC AAA 

GAC ATC AAG 

GAC TTC AAG 

GAA CAA AGC 

Lys 

Lys 

Trp 

AAA 

AAG 

AAA 

TGG 

Phe Met 

Asp Phe 

Val GIu 

TTT ATG 

GAC TTT 

GAC GTG 

GTG GAG 

Ile Arg 

His Lys 

Ash Asp 

ATA AGA 

CAT AAG 

AAG AAC 

AAT GAC 

Thr Phe Arg Ser Phe Gln Lys Gln Ile 20 

Ser Leu Lys Asp Leu Gln Glu Set Thr 

Phe Asp Glu Leu Arg GIu GIu Gly Phe 

ACA TTT AGA AGT TTT CAA AAG CAA ATC 302 

TCA CTT AAA GAT TTA CAG GAG AGC ACT 

TCC TTA GAG AAC AAG TAG AAG CCT ACA 

TTT GAC GAG CTG AGA GAA GAA GGC TTC 

Oc Leu GIu Leu 

Md Ala Lys Glu 

Hs Arg Arg Set 

Oc CTT GAA CTA 

Md GCT AAA GAG 

Rn GAG AGG AAT 

Hs AGA CGA TCA 

Gln Lys Ser 

Leu Gin Ala 

Asn Tyr Set 

CAG AAA TCC 

TTA CAG GCT 

CGC AAA AAT 

AAT TAC TCC 

Leu 

Leu 

Glu 

TTA 

CTT 

GCC 

GAG 

Met Asp 

Lys Glu 

Leu Lys 

ATG GAC 

AAA GAA 

TGA AAG 

CTA AAG 

Lys Ile 

Lys Gln 

Glu Asp 

AAG ATT 

AAG CAG 

AAT CGc 

GAG GAC 

Glu Asn Leu Ser Arg GIu Asn Glu lle 40 

Glu Ash Thr Ala Lys Gln Val Met GIu 

Val Gln Thr Lys Gly Lys Glu Val Lys 

GAA AAT CTC TCT CGT GAA AAT GAA ATT 362 

GAA AAC ACA GCC AAA CAG GTG ATG GAA 

aaa aat ccc toa aag aat tcc aag aaa 66 bp repeat 

GTT CAA ACC AAA GGC AAA GAA GTT AAA 

Oc Leu Arg Lys 

Md Met Ash Lys 

Hs Asn Phe Glu 

Oc TTA AGG AAG 

Md ATG AAC AAA 

Rn ACA ATC AAA 

Hs AAC TTT GAA 

Ser Gln Ash 

Thr Ile Leu 

Lys Lys Leu 

AGT CAA AAT 

ACC ATA CTA 

CAG TTG AAG 

AAA AAA TTA 

GIu 

Glu 

Glu 

GAA 

GAA 

GAA 

GAA 

Thr Gin 

Leu Lys 

Glu Trp 

ACT CAG 

CTA AAA 

TTAAAA 

GAA TGG 

Lys Leu 

Gly Glu 

Ile Thr 

AAA CTA 

GGG GAA 

ATG GAA 

ATA ACT 

Val Glu Gin Glu Ser Val Ile Val Lys 60 

Val Asp Thr Ile Lys Lys Thr Gln Ser 

Arg Ile Thr Ash Thr Gln Lys Set Leu 

GTA GAA CAG GAA AGT GTA ATA GTG AAG 422 

GTA GAC ACA ATA AAG AAA ACC CAA AGC 

ATA GAA GCA ATC AAA AAA GAA CAC ATG 

AGA ATA ACC AAT ACA CAG AAG TCC TTA 

Oc Arg Ash Gin 

Md Glu Ala Thr 

Hs Lys Asp Leu 

Oc AGA AAT CAA 

Md GAG GCA ACG 

Rn GAA ACA ACC 

Hs AAG GAC CTG 

Asn Glu Met 

Leu Glu Ile 

Met Glu Leu 

AAT GAA ATG 

CTG GAG ATA 

CTG GAT ATA 

ATG GAG CTG 

Lys Ser Set 

Glu Thr Leu 

Lys Thr Lys 

AAG AGC TCA 

GAA ACC CTA 

GAA AAC CAA 

AAA ACC AAG 

Ile Asp 

Gly Lys 

Ala Arg 

ATA GAT 

GGA AAG 

AAG AAG 

GCA CGA 

Gln Met Ala Asn Thr Leu Glu 

Arg Ser Gly Thr Ile Asp Ala 

GIu Leu Arg Asp GIu Cys Thr 

CAA ATG GCA AAC ACA TTA GAA 

AGA TCT GGA ACC ATA GAT GCG 

AGA CAA GGA GCT GTA GAT AAA 

GAA CTA CGT GAC GAA TGC ACA 

Set Leu 

Ser Ile 

Ser Leu 

AGC CTT 

AGC ATC 

AGC TTC 

AGC CTC 

80 

482 

Oc 

Md 

Hs 

Oc 

Md 

Rn 

Hs 

i00 

542 

Oc 

Md 

Hs 

Oc 

Md 

Rn 

Hs 

120 

602 

codons proposed as the end of ORF- l arc in boldface. ATG codons proposed as the start point for ORF- l and ORF-2 arc in boldface, 

and in-phase ATGs closc to the proposcd beginning of ORF-I in all four species and that start ORFa in the LIRn sequence arc also 
underlined. The portion of the 66-bp tandem repeat in LI Rn that is included in the alignment is in lowcr-case letters. Continued on 

pages 12 and 13. 
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Oc 

Md 

Hs 

Oc 

Md 

Rn 

Hs 

GIu Arg GIu ---- Lys Gly Leu GIu Gly Leu Phe Ser GIu Ile Leu Ala Glu Asn Phe Pro 

Asp Phe Gln Leu Lys Gly Pro Ala Asn Ile Phe Asn Lys Ile Ile GIu Glu Asn Phe Pro 

Gly Glu Asn Gly Thr Lys Leu Glu Asn Thr Leu Gln Asp Ile Ile Gln GIu Asn Phe Pro 

GAG AGA GAG ---- AAA GGA TTG GAA GGC CTT TTT AGT GAG ATA CTA GCA GAG AAC TTT CCA 

GAT TTT CAA CTT AAA GGG CCA GCT AAT ATC TTC AAC AAA ATA ATA GAA GAA AAC TTC CCA 

GAC TCC CAG CTC AAA GGA CCA GTA AAT ATC TTC AAC AAA ACC ATA GAA GAA ANC TTC CCT 

GGG GAG AAT GGA ACC AAG TTG GAA AAC ACT CTG CAG GAT ATT ATC CAG GAG AAC TTC CCC 

140 

662 

Oc 

Md 

Hs 

Oc 

Md 

Rn 

Hs 

Gly Leu Glu Lys Asp Arg Asp Ile Leu Val Gin Glu Ala His Arg Thr Pro Asn Lys His 

Asn Ile Lys Lys GIu Met Pro Met Ile Ile Gln Glu Ala Tyr Arg Thr Pro Asn Arg Leu 

hsn Leu Ala Arg Gln Ala Asn Ile Gln Ile Gln Glu Ile Gln Arg Thr Pro Gln Arg Tyr 

$GT TTG GAG AAG GAC AGA GAT ATC CTA GTA CAG GAA GCT CAT AGA ACC CCC AAT AAA CA~ 

AAC ATA AAA AAA GAG ATG CCC ATG ATC AAT CAA GAA GCA TAC AGA ACT CCA AAT AGA CTC 

AAC CTA AAA AAA GAG ATA CCC ATA GAC ACA CAA GAA GCC TAC AGA ACT CCA AAT AGA TT6 

hAT CTA GCA AGG CAG GCC AAC ATT CAG ATT CAG GAA ATA CAG AGA ACG CCA CAA AGA TAC 

160 

719 

Oc 

Md 

Hs 

Oc 

Md 

Rn 

Hs 

180 

779 

Oc 

Md 

Hs 

Oc 

Md 

Rn 

Hs 

200 

838 

Oc 

Md 

Hs 

Oc 

Md 

Rn 

Hs 

220 

898 

Oc 

Md 

Hs 

Oc 

Md 

Rn 

Hs 

Ala Gln Val Leu Arg Glu Lys Asn Cys Gln Pro Arg Ile Leu Tyr Pro Ala Lys Leu Sez 

Ile Gln Thr Leu Arg Glu His Lys Cys Gln Pro Arg Leu Leu Tyr Pro Ala Lys Leu Set 

Phe Ash Ile Leu Lys GIu Lys Asn Phe Gln Pro Arg Ile Ser Tyr Pro Ala Lys Leu Set 

GCA CAG GTG CTA AGA GAG AAA AAT TGC CAG CCC AGA ATA TTA TAT CCT GCC AAG CTC TC~ 

ATA CAG ACA CTA AGA GAA CAC AAA TGC CAG CCC AGG CTA CTA TAC CCG GCC AAA CTC TCA 

ATA CAG ACC CTA AGA GAA CAC AAA TGC CAG CCC AGG TTA CTG TAT CCA GCA AAA CTC TCA 

TTC AAC ATT CTT AAA GAA AAG AAT TTT CAA CCC AGA ATT TCA TAT CCA GCC AAA CTA AGC 

240 

958 

Oc 

Md 

Hs 

Oc 

Md 

Rn 

Hs 

Phe Val Asn Glu Gly Glu Ile Lys Thr Phe His Ser Lys Gln Lys Leu Lys Asp Phe Val 

Ile Thr Ile Asp Gly Glu Thr Lys Val Phe His Asp Lys Thr Lys Phe Thr Gln Tyr Leu 

Phe Ile Ser GIu Gly Glu Ile Lys Tyr Phe Thr Asp Lys Gln Met Leu Arg Asp Phe Val 

rTT GTG AAT GAA GGT GAA ATA AAG ACC TTT CAT AGC AAA CAG AAA TTG AAA GAC TTT GTG 

ATT ACC ATA GAT GGA GAA ACC AAA GTA TTC CAC GAC AAA ACC AAG TTC ACA CAA TAT CTT 

ATT AAC ATT GAT GGA GAA ACC AAG ACA TTC CAT GAC AAA ACC AAA TTT ACA CAA TAT CTT 

TTC ATA AGT GAA GGA GAA ATA AAA TAC TTT ACA GAC AAG CAA ATG CTG AGA GAT TTT GTC 

260 

1018 

Oc 

Md 

Hs 

Oc 

Md 

Rn 

Hs 

280 

1078 

Fig. 8. Continued 



Oc 

Md 

Hs 
Oc 

Md 

Rn 

Hs 

Ala Thr Cys Pro Ala Leu Gln Lys Ile Leu Lys Asp Val Leu 

Set Thr Asn Pro Ala Leu Gln Arg Ile Ile Thr Glu Lys Lys 

Thr Thr Arg Pro Ala Leu Gln Glu Leu Leu Lys Glu Ala Leu 

GCC ACT TGT CCG GCC CTG CAA AAG ATA CTT AAA GAT GTG CTA 

TCC ACG AAT CCA GCC CTT CAA AGG ATA ATA ACA GAA AAG AAA 

TCC ACA AAT CCA GCA CTA CAA AGG ATA ATA AAT GGT AAA GCC 

ACC ACC AGG CCT GCC CTA CAA GAG CTC CTG AAG GAA GCA CTA 

Oc His Gly His Gln Tyr Glu Arg Arg Glu Arg Lys Asn Thr 

Md His Ala Leu GIu Gln Pro Arg Lys 

Hs Arg Tyr Gln Pro Leu Gln Lys His Ala Lys Leu 

Oc CAC GGC CAT CAA TAT GAA AGA AGG GAA AGG AAG AAC ACC 

Md CAC GCC CTA GAA CAA CCA AGA AAG TAA ---T CAT 

Rn TAT ACC CTA GAA GAA GCA AGA AAC TAA .... TC GTC TTG 

Hs CGG TAC CAG CCA CTG CAA AAA CAT GCC AAA TTG TAA AGA 

His Ser Glu Thr Gln Lys 300 

Gln Tyr Lys Asp Gly Asn 

Asn Met Glu Arg Asn Asn 

CAC TCA GAA ACA CAG AAA 1138 

CAA TAC AAG GAC GGA AAT 

CAA CAT AAG GAG GCA AGC 

AAC ATG GAA AGG AAC AAC 

Tyr Gln 

TAC CAG TAA AAG AGC ATG GGA 1198 

TCA ACA AAC CAA AAA GAA GAC 

GCA ACA AAA CAA AGA GAA TGA 

CCA TCG AGG CTA GGA AGA AAC TGC 

Oc Ala 

Md Pro Thr Leu Thr Thr Lys Ile Lys 

Hs Thr 

Oc AGC TCA AAG CAT ATA CTA GAA AAT ATT TCC GGG AAA ATG GCA 

Md AGC CAC AAG AAC AGA ATG CCA ACT CTA ACA ACA AAA ATA AAA 

Rn AAG CAC ACA AAC ATA ACC TCA CAT CCA AAT ATG AAT ATA ACG 

Hs ATC AAC TAA CGA GCA AAA TAA CCA GCT AAC ATC ATA ATG ACA 

Gly Gln Ser His Tyr Val 

Gly Set Asn Asn Tyr Phe 

Gly Set Asn Ser His Ile 

GGG CAA AGT CAC TAC GTA 

GGG AGC AAC AAT TAC TTT 

GGA AGC AAT AAT CAC TAT 

GGA TCA AAT TCA CAC ATA 

Oc 

Md 

Hs 
Oc 

Md 

Rn 
Hs 

Ser Ile Val Thr Leu Asn Ile Ash Gly Leu Asn Ser Set Val Lys Arg His Arg Leu Asp 

Ser Leu Ile Ser Leu Ash Ile Ash Gly Leu Ash Ser Pro Ile Lys Arg His Arg Leu Thr 

Thr Ile Leu Thr Leu Ash Val Asn Gly Leu Ash Ala Pro Ile Lys Arg His Arg Leu Ala 

TCA ATT GTC ACA TTG AAC ATT AAT GGT CTG AAT TCT TCA GTT AAA AGA CAC CGT TTG GAT 

TCC TTA ATA TCT CTT AAT ATC AAT GGA CTC AAT TCC CCA ATA AAA AGA CAT AGA CTA ACA 

TCC TTA ATA TCT CTC AAC ATC AAT GGC CTC AAC TCC CCA ATA AAA AGT CAT AGA TTA ACA 

ACA ATA TTA ACC TTA AAT GTA AAT GGG CTA AAT GCT CCA ATT AAA AGA CAC AGA CTG GCA 

1258 

27 

1318 

13 

OC 

Md 

Hs 

Oc 

Md 

Rn 

Hs 

Asp Trp Leu Thr GIu His Ash Pro Thr Ile Cys Cys Leu Gln Glu Thr His Leu Ser AsJ 

Asp Trp Leu His Lys Gln Asp Pro Thr Phe Cys Cys Leu Gln Glu Thr His Leu Arg GII 

Asn Trp Ile Lys Set Gln Asp Pro Ser Val Cys Cys Ile Gln Glu Thr His Leu Thr Cy: 

GAC TGG CTC ACA GAA CAC AAC CCA ACT ATT TGT TGC CTA CAA GAA ACA CAT CTC TCT AA{ 

GAC TGG CTA CAC AAA CAG GAC CCA ACA TTC TGC TGC TTA CAG GAA ACC CAT CTC AGG G~ 

AAC TGG ATA CAC AAC GAG GAC CCT GCA TTC TGC TGC CTA CAG GAA ACA CAC CTC AGA GA( 

AAT TGG ATA AAG AGT CAA GAC CCA TCA GTG TGC TGT ATT CAG GAA ACC CAT CTC ACG TG( 

47 

1378 

Oc 

Md 

Hs 

Oc 

Md 

Rn 

Hs 

Lys Glu Ala Cys Arg Leu Lys Val Lys Gly Trp Lys Lys Ile Phe His Ala Asn Arg Ash 

Lys Asp Arg His Tyr Leu Arg Val Lys Gly Trp Lys Thr Ile Phe Gln Ala Ash Gly Leu 

Arg Asp Thr His Arg Leu Lys Ile Lys Gly Trp Arg Lys Ile Tyr Gln Ala Ash Gly Lys 

AAA GAG GCA TGC AGA CTG AAA GTG AAA GGT TGG AAA AAG ATA TTC CAT GCC AAC AGA AAC 

AAA GAC AGA CAC TAC CTC AGA GTG AAA GGC TGG AAA ACA ATT TTC CAA GCA AAT GGA CTG 

AAA GAC AGA CAC TAC CTC AGA GTG AAA GGC TGG AAA ACA AAT TTC CAA GCA AAT GGT CAG 

AGA GAC ACA CAT AGG CTC AAA ATA AAA GGA TGG AGG AAG ATC TAC CAA GCA AAT GGA AAA 

67 

1438 

Oc 

Md 

Hs 
Oc 

Md 

Rn 

Hs 

Gln Lys(Arg)Ala Gly Val Ala Ile Leu Ile Ser Asp Lys Ile Asn Phe Asn Thr Lys Thl 

Lys Lys Gln Ala Gly Val Ala Ile Leu Ile Ser Asp Lys Ile Asp Phe Gln Pro Lys Va] 

Gln Lys Lys Ala Gly Val Ala Ile Leu Val Ser Asp Lys Thr Asp Phe Lys Pro Thr Ly~ 

CAA AAA A-A GCA GGT GTA GCC ATA TTA ATA TCA GAC AAA ATA AAC TTT AAT ACA AAA AC] 

AAG AAA CAA GCT GGA GTA GCC ATT TTA ATA TCG GAT AAA ATC GAC TTC CAA CCC AAA GT~ 

AAG AAG CAA GCT GGA GTA GCC ATT CTA ATA TCA AAT AAA ATC AAT TTC CAA CTA AAA GTC 

CAA AAA AAG GCA GGG GTT GCA ATC CTA GTC TCT GAT AAA ACA GAC TTT AAA CCA ACA AAC 

87 

1497 

Oc 

Md 

Hs 

Oc 

Md 

Rn 

Hs 

Val Lys Arg Asp Lys Glu Gly His Tyr Ile Met Ile Lys Gly Ser Ile Gln Gln Glu As F 

Ile Lys Lys Asp Lys Glu Gly His Phe Ile Leu Ile Lys Gly Lys Ile Leu Gln Glu Glu 

Ile Lys Arg Asp Lys GIu Gly His Tyr Ile Met Val Lys Gly Ser Ile Gln Gln GIu Glu 

GTT AAG AGA GAC AAA GAG GGA CAC TAT ATA ATG ATT AAG GGT TCA ATT CAA CAG GAA GAT 

ATC AAA AAA GAC AAG GAG GGA CAC TTC ATA CTC ATC AAA GGT AAA ATC CTC CAA GAG GAA 

ATC AAA AAA GAT AAG GAA GGA CAC TTC ATA TTC ATC AAA GGA AAA ATC CAC CAA GAT GAA 

ATC AAA AGA GAC AAA GAA GGC CAT TAC ATA ATG GTA AAG GGA TCT ATT CAA CAA ~AA CAC 

107 

1557 

Fig, 8. Continued 
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Fig. 9. Sequence similarities in the ORF-! region. The L]Oc 
ORF-I region is shown as a black box, numbered according to 
the codon positions in Fig. 8. The ORF-1 regions from L1Md 
and L 1Hs are displayed as composite boxes. The darkness of the 
fill in each box is proportional to the extent of similarity of the 
L 10c sequence. The percent identity ofthe encoded amino acids, 
compared to the L1Oc sequence, are given in the boxes. A box 
representing a portion of the type II cytoskeletal keratin sequence 
(Johnson et al. 1985) is aligned with the segment of the LIOc 
sequence that matches it. The percent of amino acids identical 
to the L1Oc ORF-1 translated sequence is given in the boxes, 
and the amino acid positions in the keratin sequence are listed 
below the boxes. A gap penalty of - ! was assessed in calculating 
the percent identities. 

larity corresponds to ORF-2  and the short region o f  
similarity corresponds to the 3' por t ion o f  ORF-1.  

Analysis of ORF-1 of Ll Repeats 

The  two ORFs  are overlapping in L1Md,  and it is 
o f  interest to determine whether  this feature is con- 
served in LI  repeats f rom other species. Also, ORF-1 
appears to be a hybr id  sequence because it is well 
conserved between species in the 3' ha l f  but  it is not  
well conserved in the 5' half. Therefore,  the se- 
quence o f  ORF-1 and the region between the ORFs  
were aligned for the L1 repeats f rom rabbit,  mouse,  
rat, and humans.  Figure 8 shows both  the aligned 
nucleotide sequences and the predicted amino  acid 
sequences. Sequences that match well between 
species are in reverse text, whereas sequences that  
do not  match well are in plain text. 

Inspection o f  the aligned L1 sequences allows a 
tentat ive identification o f  the start and stop sites o f  
the ORFs.  This analysis reveals that  no overlap be- 
tween reading frames is seen in rabbit  and human  
L1 repeats. The  end o f  ORF-1 in L1Md is the TAA 
at positions 1163-1165 (boldface in Fig. 8). The  
same sequence is found in the rat L1 sequence 
(L 1Rn), and in-phase terminators  are found nearby 
in L 1 0 c  and L1Hs  (boldface TAAs in Fig. 8). ORF-2  
in L1Md begins in a different reading frame at po- 
sition 1149, and thus it overlaps with ORF-1 for 14 
nucleotides. By aligning the sequences o f  the differ- 
ent L1 s in the well-conserved ORF-2  region, it is 
apparent  that  an A T G  is conserved in the rabbit  
and human  sequences at posit ions 1235-1237.  An 
in-frame A T G  two codons upstream was previously 
identified as the start o f  ORFb  in the L1Rn sequence 

(D 'Ambros io  et al. 1986) and an A T G  is also in 
f rame in the L1 Md  sequence seven codons up- 
stream. One can propose that  the T A A  close to po- 
sition 1163 is the end o f  ORF-1 and the A T G  at 
posit ions 1235-1237 is the start o f  ORF-2  in rabbit  
and h u m an  L1 repeats. In an independent  analysis 
o f  several individual  L1Hs  repeats, these same co- 
dons were assigned as the end o f  ORF-1 and  the 
start o f  ORF-2 in the consensus L 1Hs sequence (Scott 
et al. 1987). As shown in Fig. 8, ORF-2  is in the 
same reading frame as ORF-  1 in the L 1 0 c  and L 1Hs 
sequences. Thus,  the overlap in reading frames seen 
for L1Md is not  observed in L1Oc and L1Hs. ORF-2 
in L1Rn  is in a different reading frame than ORF-  1, 
but  the L1Rn  sequence does have an A T G  proposed  
as the start o f  ORF-2.  Thus,  L I R n  has overlapping 
reading frames, but  the sequence in the overlap may 
not  be used to encode a protein.  

The  region between ORF-1 and ORF-2  is not  
conserved between m am m al i an  species. The  se- 
quence between the TA A  that  ends ORF-1 and the 
A T G  proposed to be the start o f  ORF-2  is in a region 
that  is quite dissimilar between rabbit  and mouse  
and between rabbit  and h u m an  (plain text region 
between posit ions 1121 and 1240 in Fig. 8). This is 
the region o f  no similarity previously seen in dot- 
plots (Fig. 6). The  sequence between the L1 ORFs  
is also not  conserved in compar isons  between the 
human  and rodent  sequences (Scott et al. 1987). Be- 
cause this region is not  conserved,  whereas the se- 
quences before and after it are conserved,  probably  
for their  capacity to encode a protein,  it is unlikely 
that the in te r -ORF region encodes a protein.  This 
lack o f  conservat ion supports the proposed assign- 
ments  for the start o f  ORF-2  in L1Oc and L1Hs. 
The  mouse  L1 sequence is ATA at posit ions 1235-  
1237; this same sequence is found in three se- 
quenced members  o f  the L1Md family (Shehee et 
al. 1987). Therefore,  the over lap between reading 
frames 1 and 2 are conserved in mouse  Lls ,  but  the 
overlaps are not  seen in the rabbit  and h u m an  L1 
sequences. 

The ORF-  1 sequence is a composi te  o f  conserved 
and nonconserved  regions. As shown diagrammat-  
ically in Fig. 9, codons 79-294 are highly related 
between species in different mammal i an  orders, and 
a long segment f rom codons 171 through 294 shows 
a 52-56% amino acid identi ty in these comparisons.  
A short region f rom codons 97 to 122 is not  con- 
served, nor  are the last 14 codons in the sequence, 
but  in general the C-terminal  two-thirds of  ORF-  1 
is conserved between orders. A search through the 
databanks at the Protein Identification Resource 
(National Biomedical  Research Foundat ion)  d id  not  
identify any known proteins (besides the L1 pro- 
teins) that are related to the C-terminal  hal f  o f  the 
ORF-1 sequence. 
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Fig. 10. Alignment of the amino acid sequences of 
the matching portions of ORF-1 from L 10c and 
type II keratin. The sequence alignment generated by 
the FASTp program (Lipman and Pearson 1985) is 
shown starting at amino acid position 1 of  ORF-1 
from L1Oc5 (Fig. 8) and position 303 of  the se- 
quence of type II cytoskeletal keratin of  humans  
(Johnson el al. 1985). The ORF-1 sequence of rabbit  
L1 is labeled LI, and the type II keratin sequence is 
labeled KII. Identical amino acids are indicated by 
colons, and similar amino acids are indicated by pe- 
riods. The following groups of amino acids are con- 
sidered similar: P, A, G, S, and T (neutral or weakly 
hydrophobic); Q, N, E, and D (acids and amides); H, 
K, and R (basic); L, I, V, and M (hydrophobic); F, 
Y, and W (aromatic); and C. 

In contrast, the N-terminal portion of ORF-1 is 
not highly conserved between mammalian orders. 
This region shows almost no similarity between rab- 
bit and human (sequence between nucleotide posi- 
tions 3 and 476 in Fig. 8; Fig. 9), and the comparison 
between rabbit and mouse shows only a short seg- 
ment of matching sequence at the 5' end (Figs. 8 
and 9). The dissimilarity of the sequences makes it 
difficult to assign a start point to ORF-1. However, 
an ATG is found in the rabbit, mouse, and rat se- 
quences at positions 240-242 of  Fig. 8 (shown in 
boldface). An ATG is found three codons down- 
stream in the human L1 sequence. Other ATG co- 
dons are either immediately adjacent (mouse and 
rat) or are 20 codons upstream (rabbit, underlined 
in Fig. 8). The ATG at positions 240-242 has been 
tentatively assigned as the start of  ORF-1, and the 
codons in Fig. 8 are numbered starting here. This 
is 71 codons into ORF-1 as defined by Loeb et al. 
(1986). Although the N-terminal half of ORF- 1 dif- 
fers among rabbits, mouse, and humans, i t  is similar 
between the two rodents, mouse and rat. This region 
surrounds a 66-bp tandemly repeated sequence in 
L1Rn (Soares et al. 1985; D'Ambrosio et al. 1986) 
and contains several in-frame stop codons in L1Rn 
(Fig. 8). It is possible that the coding function of 
this region has been lost in L1Rn. 

The N-terminal half of ORF-1 from the rabbit 
L 1 sequence is related to type II cytoskeletal keratin. 
Protein sequence databanks were searched using the 
FASTp program (Lipman and Pearson 1985), and 
a significant match was found with type II cyto- 
skeletal keratin. The region of  L1Oc ORF-1 that 
matches with keratin, along with the percent amino 
acid identity, is shown in Fig. 9, and the alignment 
with the human 67 kDa type II keratin (Johnson et 
al. 1985) is shown in Fig. 10. The sequences align 
OVer a 156-amino acid region, with an average of 

20.5% identity. The segment between amino acid 
positions 95 and 126 o fLIOc  ORF- 1 is most similar 
to type II keratin; this segment contains identical 
amino acids at 32% of the positions. 

The similarity between the N-terminal half of  
ORF-1 from L10c and type II cytoskeletal keratin 
is statistically significant. The sequence of  the type 
II keratin was scrambled into 20 different sequences 
and aligned with the ORF-1 sequence to generate 
an average match score. The match score with the 
true keratin sequence is 13 standard deviations above 
the average match score with the scrambled se- 
quences; a difference of  10 standard deviations in 
this test is an indicator of  a significant evolutionary 
relationship (Lipman and Pearson 1985). Although 
statistical significance does not establish biological 
significance, it is helpful to compare this match with 
that of a part of  ORF-2 with reverse transcriptases 
whose similarity has been cited as significant in the 
past (Hattori et al. 1986; Loeb et al. 1986)�9 The 
alignment between the L1Md ORF-2 sequence and 
the sequence of reverse transcriptase from Moloney 
murine leukemia virus shows 17.5% amino acid 
identity, whereas the alignment between L1Oc 
ORF-1 and type II keratin shows 20.5% identity. It 
is apparent that ORF-1 of the rabbit LI contains a 
region related in sequence to type II cytoskeletal 
keratin. 

Discussion 

The propagation of  L1 repeats probably has oc- 
curred independently in different mammalian ge- 
homes. Although the L1 repeats from lagomorphs, 
rodents, and primates are similar in size and se- 
quence organization, the 5' and 3' ends are distinc- 
tive (summarized in Fig. 11). Also, the LI repeats 
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Fig. 11. Summary of regions of 
similarity in mammalian LI se- 
quences. Regions of similarity of  
L l s  are represented by dark filled 
boxes, and nonconserved regions 
are shown as open boxes. The 
mouse sequence has a series of di- 
rect repeats (arrowheads) at the 5' 
end. The position of the 5' end of 
the rabbit LI (dashed portion) is 
estimated from the genomic blot 
data presented in Fig. 5. The posi- 
tions of ORF-1 and ORF-2 are 
shown below the diagrams of the 
L1 repeats, and regions that  are 
similar to other proteins or repeti- 
tive elements are indicated in the 
lower part of the figure. Abbrevia- 
tions are RTase, reverse transcrip- 
tase; Tf, transferrin; Cys, cysteine 
motit~ DmI, I factor from Dro- 
sophila melanogaster; DmF, F ele- 
ment from D. melanogaster; 
BmR I, insertion sequence in some 
rRNA genes of  Bombyx mori; Tb 
ingi, a repetitive element from 
Trypanosoma brucei. 

are located in different positions in orthologous re- 
gions of chromosomes, specifically the B-like globin 
gene cluster of rabbits and humans (Margot.el al. 
1989) and mice (Shehee et al. 1989). Because the 
contemporary /3-like globin gene clusters are de- 
scended from a preexisting gene cluster in the last 
common ancestor, the presence of L1 repeats at dif- 
ferent positions in different species indicates that 
the L1 repeats have integrated independently into 
these gene clusters (and probably the whole genome) 
is each species. 

It is noteworthy, therefore, that the structure of 
the population of L1 repeats is quite similar in sev- 
eral mammals. Most members of the L1 repeat fam- 
ily in rabbits (this paper), mouse (Voliva et al. 1983), 
and monkeys (Grimaldi et al. 1984) are truncated 
from the 5' end, resulting in a higher frequency in 
the genome of the 3' end of L1 (about 50,000 copies) 
than the 5' end (about 10,000 copies). This simi- 
larity in copy number suggests that the time of onset 
and the rate of propagation of L1 repeats is similar 
in the different species. The rabbit, mouse, and mon- 
key L1 repeats also show a similar pattern for the 
increase in copy number in which the 5' regions 
increase gradually in copy number before a large 
increase in copy number at the very 3' end. This 
very large increase in copy number in the Y region 
could indicate a strong stop for reverse transcriptase 
during the conversion of the L1 transcript to a DNA 
copy. Given this frequency of polar truncations of 
L1 in rabbits, humans, and mice, it is striking that 
most of  the L1 repeats in rats are full length (D'Am- 

brosio et al. 1986). Some aspect of the mechanism 
for synthesis and propagation of the Lls  is appar- 
ently different in rats, e.g., to allow more full length 
reverse transcripts or to select for these in the in- 
tegration process. 

Full length L1 transcripts have been observed in 
teratocarcinoma cells (Skowronski and Singer 1985). 
Given the assignments of  start and stop codons pro- 
posed in this paper, then transcripts of  the L1 repeat 
of  rabbits and humans have the characteristics of  a 
dicistronic RNA. Polycistronic mRNAs are com- 
mon in bacteria, and a polycistronic arrangement 
of  genes is found in the genomes of  some RNA 
viruses that infect animals and plants, e.g., togavi- 
ruses, coronaviruses, and tobacco mosaic virus. In 
contrast, most mRNAs from eukaryotic cellular 
genes are monocistronic. Regardless of  whether the 
ORFs are overlapping, as in L1Md, or are part of a 
dicistronic RNA, as in L1Oc and L1Hs, the struc- 
ture of the L 1 repeats resembles DNA copies of viral 
genomes more than conventional cellular transcrip- 
tion units. This suggests that the ancestor to L1 
repeats in fact may be some type of  animal virus 
rather than a normal cellular gene, as is often pro- 
posed (reviewed in Weiner et al. 1986). A viral 
ancestor with a wide host range would provide an 
explanation for the independent, and perhaps si- 
multaneous, entry of the L1 element into different 
mammalian genomes. 

The ORFs in the L1 repeal appear to encode 
hybrids of different types of proteins (Fig. 11). OR.F- 1 
can be divided into two parts, the N-terminal por- 



tion that is not well conserved between species and 
the C-terminal portion that is well conserved. In the 
rabbit L 1 repeat, a sequence similar to keratin has 
been fused to the conserved C-terminal portion of  
ORF-1. Although ORF-2 is conserved in L 1 s from 
different orders of  mammals it also seems to be a 
hybrid of sequences related to several proteins (Fig. 
I 1). The middle portion of  ORF-2 is related to re- 
verse transcriptase (Hattori et al. 1986; Loeb et al. 
1986). Different parts of the C-terminal region are 
related to transferrin (Hattori et al. 1986) and to 
nucleic acid binding proteins with the cysteine struc- 
tural motif, such as the binding proteins derived 
from retroviral gaggenes (Fanning and Singer I987). 
The cysteine structural motif  is related to the zinc 
fingers characterized in TFIIIA and other nucleic 
acid binding proteins (Fanning and Singer 1987). 
This pastiche of similarities suggests that the L1 
element is a fusion of several different sequences, 
Some of  which are derived from cellular genes, pos- 
sibly by a viral vector. 

Another fusion event may account for the vari- 
ation in sizes and sequences of the 3' untranslated 
regions of  L1 repeats in different mammals. The 3' 
untranslated regions of orthologous globin genes in 
mammals have retained obvious sequence similar- 
ities over the course of  eutherian evolution (e.g., 
Hardies et al. 1984; Hardison 1984), so it is puzzling 
that no sequence similarity is seen in the 3' untrans- 
lated region of  L1 repeats in comparisons between 
mammals (Fig. 11). Perhaps the conserved coding 
region was fused tO a different 3' untranslated se- 
quence in each species. It is noteworthy that the 5' 
end of  L1Ocl begins immediately after the con- 
served termination codon that ends ORF-2, sug- 
gesting that the sequence corresponding to the 3' 
untranslated region of  L 1Oc may exist as a distinct 
repetitive element in the rabbit genome in addition 
to its presence in the L1 sequence. If  so, this would 
be an additional factor in explaining the large in- 
crease in copy number of  Ll  repeats in this region. 
A similar situation has been observed in Drosophila 
melanogaster, in which suffix, an element repeated 
about 300 times in the genome, is almost identical 
to the sequence of  the 3' untranslated region (but 
not the coding region) of  the F element that is pres- 
ent about 70 times in the genome (DiNocera and 
Casari 1987). 

The mammalian L1 repeats show a clear simi- 
larity to the ingi repeat in the protozoan Trypano- 
soma brucei (Kimmel et al. 1987), the I factor of  
the I -R system of  hybrid dysgenesis in D. mela- 
nogaster (Fawcett et al. 1986), F elements in D. 
melanogaster (DiNocera and Casari 1987), and the 
R 1 Bm (Xiong and Eickbush 1988) and R2Bm (Burke 
et al. 1987) insertion sequences in some rRNA genes 
OfBombyx mori (Fig. 11). The similarity has been 
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recognized only in the region proposed to encode 
reverse transcriptase, and these sequences are more 
similar among themselves than to retroviral reverse 
transcriptases (DiNocera and Casari 1987; Xiong 
and Eickbush 1988). The mammalian L1 s and these 
protozoan and insect repeats share other structural 
features, such as the absence of long terminal re- 
peats, the presence of  at least two ORFs (ORF-2 
containing sequences similar to reverse transcrip- 
tase and either ORF- 1 or ORF-2 encoding a cysteine 
motif),  a length from 5 to 7.5 kb, and a 3' untran- 
slated region with a sequence similar to AATAAA 
close to the 3' end. The dicistronic structure pro- 
posed for L1Oc and LIHs  may also be present in 
the I factor, the F element, and the R IBm repeat 
(Fawcett et al. 1986; DiNocera and Casari 1987; 
Xiong and Eickbush 1988). Each type of  repeated 
element also has some distinctive features, e.g., the 
specific insertion sites for R1Bm and R2Bm in the 
rRNA genes and the absence of  A-rich tracts at the 
3' ends of some of the insect repeats. However, at 
least parts of  these repeats in mammals,  insects, and 
a parasitic protozoan appear to be evolutionarily 
related. If  this type of  repeat is restricted to these 
groups of organisms, it may indicate that the genetic 
information was transferred among parasites, their 
mammalian hosts, and insect vectors (K.immel et 
al. 1987). A viral progenitor, suggested by the di- 
cistronic arrangement shown in this paper, would 
provide a means for the horizontal transmission of  
the L1 sequences. 
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