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ABSTRACT It is commonly accepted that the reverse-
transcribed cellular RNA molecules, called retroposons, inte-
grate at staggered breaks in mammalian chromosomes. How-
ever, unlike what was previously thought, most of the staggered
breaks are not generated by random nicking. One of the two nicks
involved is primarily associated with the 5'-TTAAAA hexanucle-
otide and its variants derived by a single base substitution,
particularly A — G and T — C. It is probably generated in the
antisense strand between the consensus bases 3'-AA and TTTT
complementary to 5'-TTAAAA. The sense strand is nicked at
variable distances from the TTAAAA consensus site toward the
3’ end, preferably within 15-16 base pairs. The base composition
near the second nicking site is also nonrandom at positions
preceding the nick. On the basis of the observed sequence
patterns it is proposed that integration of mammalian retro-
posons is mediated by an enzyme with endonucleolytic activity.
The best candidate for such enzyme may be the reverse tran-
scriptase encoded by the L1 non-long-terminal-repeat retro-
transposon, which contains a freshly reported domain homolo-
gous to the apurinic/apyrimidinic (AP) endonuclease family
[Martin, F., Olivares, M., Lopez, M. C. & Alonso, C. (1996)
Trends Biochem. Sci. 21, 283-285; Feng, Q., Moran, J. V., Kaza-
zian, H. H. & Boeke, J. D. (1996) Cell 87, 905-916] and shows
nicking ir vitro with preference for targets similar to 5'-
TTAAAA/3'-AATTTT consensus sequence [Feng, Q., Moran, J.
V., Kazazian, H. H. & Boeke, J. D. (1996) Cell 87, 905-916]. A
model for integration of mammalian retroposons based on the
presented data is discussed.

The reverse-transcribed cellular RNA molecules, or retro-
posons, are commonly integrated in mammalian chromosomes
(1-3). They are usually flanked by short direct repeats resulting
from integration at staggered chromosomal breaks (4). The
flanking repeats vary in length and, although rich in adenine
(5, 6), they did not seem to contain any specific sequence
signals which would indicate enzymatic involvement in retro-
poson integration (reviewed in ref. 1). This led to a widespread
opinion that their origin is attributable to randomly generated
staggered breaks. However, sequence analysis of the flanking
regions from human and rodent retroposons presented in this
paper shows that the staggered breaks are associated with
specific, albeit short, sequence signals, consistent with the
involvement of an enzyme with endonucleolytic activity. This
evidence implies a specific mechanism of retroposon integra-
tion in mammals.

MATERIALS AND METHODS

The analysis was performed on sequences flanking human Alu
(7) and rodent ID (BCI-like) retroposons (8). GenBank co-
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ordinates of the majority of unique Alu elements were ob-
tained from Repbase (ftp http://ncbi.nlm.nih.gov/repository/
repbase), and coordinates of ID and additional Alu sequences
were directly identified in GenBank (release 97.0) by screening
of the corresponding consensus sequences against human and
rodent portions of the GenBank database, using the CENSOR
program (9). All Alu and ID elements immediately flanked by
other repetitive elements were discarded to avoid systematic
biases in base compositions of their flanking regions.

Pairs of sequences approximately 50 bp long, flanking each
full-length Alu and ID element, were extracted and aligned
against each other using an implementation of the Smith—
Waterman algorithm (10). Based on the alignment, only
identical subsequences at both ends of complete Alu or ID
sequences were selected as potential flanking repeats. If the 5
subsequences in any of the homologous pairs were not imme-
diately adjacent to the 5’ ends of the Alu or ID sequences, the
pairs were eliminated from the set by manual editing using the
sequence editor MASE (11). The finally selected fragments, at
least 10 bp long, were considered to be representative flanking
repeats of 344 human Alu and 56 rodent ID elements. The
remaining 356 Alu and 49 ID flanking repeats 4-9 bp long were
put in a separate set for comparative studies, as described in
Results.

The 5’ flanking repeats over 9 bp long were adjusted to the
left so that they all started at the same position, and the 3’
repeats were adjusted to the right so that they all ended at the
same position. A nonadjusted version of the same set was also
preserved for comparative purposes. No alignment was at-
tempted to maximize sequence similarity. The adjusted flank-
ing repeats were further extended by additional 15 bp away
from the retroposon insertion site, wherever sequence data
was available. The extensions are referred to as 5’ and 3’
adjacent sequences.

The second set containing flanking sequences shorter than
10 bp was left unadjusted, since many flanking repeats,
particularly on the short end of the distribution, could not be
confirmed with any certainty and were likely to represent
coincidental matches. Instead, the entire 30-bp regions pre-
ceding 5" ends of Alu and ID retroposons were compared with
the analogous regions of the unadjusted set containing longer
flanks, in terms of base occurrences at individual positions, as
described in the following sections.

Two additional random sets of nonredundant sequence
fragments 30 bp long were selected from human sequences
deposited in GenBank. One contained 356 human sequence
fragments with base composition similar to that of the flanking
regions of Alu elements, and another included 913 sequences
30 bp long, chosen irrespectively of their base composition.
Both sets were used to illustrate a degree of background
fluctuations in base occurrences.

The flanking repeats and the adjacent sequences have been
deposited in the repbase/publ directory and are available
electronically (see the electronic address above).

*e-mail: jurka@gnomic.stanford.edu.



Genetics: Jurka

RESULTS

Flanking Repeats over 9 bp Long. The base occurrences at
individual positions of 5’ flanking repeats 10 bp long or more,
and of the 5’ adjacent regions in Alu and ID retroposons, are
listed in Table 1, and analogous data for 3’ flanking repeats
and their 3' adjacent regions are listed in Table 2.

Qualitatively, the most striking pattern emerging from Table
1 is a previously unreported relative abundance of T in the 5’
adjacent regions (columns 3 and 9), particularly at positions
—2 and —1 immediately preceding the 5’ flanking repeats of
both Alu and ID retroposed elements. In contrast, the 5’
flanking repeats starting at position 1 begin with a very high
content of A, particularly at positions 1-4, as observed before
(5, 6). It suggests that the preferred 5’ nicking site is either
between 5" TT and AAAA or 3' AA and TTTT in the
complementary strand. This consensus pattern has been ver-
ified by a x? test that compares observed base occurrences at
individual positions listed in Table 1 with the expected ones
based on the overall base composition of the 5’ flanking
repeats and of the adjacent regions listed in the middle of
Table 1, as explained in the legend of Fig. 1. The x? values are
plotted in Fig. 1a and are compared against the reference value
16.27 indicated by a broken horizontal line, which corresponds
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to P = 0.001. The x* values at positions —2 through +4
discussed above are significant at the 0.001 level in both Alu
and ID retroposons.

Table 3 shows overall frequencies of different types of
hexanucleotides located at statistically significant positions —2
through +4 (see Table 1 and Fig. 1a), in both Alu and ID
sequences. The most abundant among them is TTAAAA and
its six variants differing by one transition-type mutation
(TTAAGA, TTAGAA, TTGAAA, TTAAAG, CTAAAA,
and TCAAAA). They represent over 41.5% of all hexamers
from Table 3. Over 20% is contributed by hexanucleotides
differing from the above TTAAAA consensus and its six
variants by an additional base substitution. In general, as the
similarity to TTAAAA and its six variants goes down so does
the occurrence of different hexanucleotides at the nicking site.
The most diverse are hexanucleotides that occur once or twice,
and they represent a little over one-third of the total number
of hexamers from Table 3.

As illustrated in Table 2 and Fig. 1b, the 3’ ends of flanking
repeats also show nonrandom base occurrences at positions
—4, —3, and —2 preceding the other nicking site. In particular,
all three positions are pyrimidine-enriched, specifically T-
enriched, in Alu and ID flanking repeats. The minimum

Table 1. Base occurrences at different positions of flanking repeats and of the 5’ adjacent regions
Alu ID
N P T C A G Total P T C A G Total
—15 T 110 63 95 76 344 A 15 8 22 11 56
—14 A 98 66 105 75 344 C 16 20 9 11 56
-13 A 85 66 129 64 344 C 7 29 12 8 56
-12 A 95 50 129 70 344 A 14 11 23 8 56
—11 T 105 65 104 70 344 A 10 4 32 10 56
-10 T 112 46 107 79 344 A 11 10 26 9 56
-9 T 107 71 94 72 344 A 17 12 18 9 56
-8 T 123 64 87 70 344 T 17 12 15 12 56
-7 T 111 76 90 67 344 A 11 15 16 14 56
-6 T 123 67 87 67 344 A 12 14 16 14 56
-5 T 132 60 101 51 344 T 19 12 13 12 56
—4 T 125 62 97 59 343 T 24 13 12 7 56
-3 T 131 47 115 51 344 T 22 9 15 10 56
-2 T 207 34 60 43 344 T 43 2 4 7 56
-1 T 210 37 71 26 344 T 37 10 5 4 56
Comp., % (top) 36.3 16.9 28.5 18.2 32.8 21.6 28.3 17.4
Comp., % (bot.) 23.4 12.8 46.1 17.8 21.0 12.5 47.7 18.9
1 A 30 3 279 32 344 A 2 0 51 3 56
2 A 20 4 248 72 344 A 1 0 48 7 56
3 A 25 9 238 72 344 A 2 1 38 15 56
4 A 43 14 241 46 344 A 2 1 46 7 56
5 A 65 38 184 57 344 A 6 8 34 8 56
6 T 116 60 114 54 344 A 18 6 20 12 56
7 A 97 60 127 60 344 A 13 8 20 15 56
8 A 105 49 116 74 344 A 14 5 24 13 56
9 A 105 61 107 71 344 A 12 6 23 15 56
10 A 90 59 125 70 344 T 20 13 12 11 56
11 A 91 53 106 61 31 A 15 14 16 7 52
12 A 80 55 96 52 283 A 13 13 14 10 50
13 A 80 40 91 37 248 T 15 12 14 7 48
14 T 66 38 62 37 203 T 17 5 11 9 42
15 T 56 29 44 30 159 A 4 8 10 9 31
16 T 34 25 28 20 107 T 8 1 4 3 16
17 T 14 12 10 11 47 T 5 1 3 0 9
18 A 5 6 12 3 26 T 3 0 1 2 6
19 T 7 3 0 1 11 T 2 1 1 0 4
20 T 3 1 3 0 7 A 0 0 4 0 4

5" ends of flanking repeats start at position 1. Regions 5" adjacent to the flanking repeats are indicated by negative numbers
(column 1). Columns 2-13 show the most abundant bases (P), frequencies of T, C, A, G, and the total numbers of bases at
the corresponding positions in Alu and ID flanking repeats. Base compositions (Comp.) of flanking repeats (bot.) and of the

5’ adjacent regions (top) are listed in the middle of the table.
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consensus sequence shared by the 3’ ends of flanking repeats
in both families of retroposed elements is 5'-TYTN-3’, where
Y denotes pyrimidine; T, thymine; and N, any base. The base
distribution at position —1 and at the following two positions
in the 3’ adjacent regions may also be nonrandom, but it is
significant at the 0.001 level only in Alu repeats.

It must be emphasized here that the consensus sequences
only summarize the base occurrences from Tables 1 and 2 and
should not be viewed as the entire representation of the
underlying nonrandomness. For example, the 5" TYTN con-
sensus described above does not reflect the relative deficiency
of A at position —2 (see Table 2) or differences in the relative
proportions of T and C at positions —2, —3, and —4. These and
similar factors must be included in future comparative analyses
of the sequence signals associated with retroposons.

Flanking Repeats 4-9 bp Long. The distinction between
flanking repeats at least 10 bp long and the shorter ones is
somewhat arbitrary, but it quite naturally follows the length
distribution of Alu and ID flanking repeats as illustrated in
Table 4. The distribution is clearly bimodal in the case of ID
elements, which have numerous flanking repeats under 8 bp
and over 9 bp long, but none exactly 8 or 9 bp long. The
distinction between short and long flanking repeats is less
sharp in the case of Alu, but it follows a similar pattern with a
shallow minimum around the same length range.

Proc. Natl. Acad. Sci. USA 94 (1997)

The frequencies of flanking repeats over 9 bp long grow
steadily with length and reach a maximum at 15 bp in /D and
16 bp in Alu elements. After that they abruptly decline,
indicating some restrictions on flanking repeats over 15-16 bp
long. Analogous length limitations over 15 bp were previously
reported in non-SINE retroposons (5) (SINE, short inter-
spersed element).

The abundance of flanking repeats under 7 bp may be
artifactual, since many flanks may be incomplete, or even
entirely missing, at either end of the inserted element. This is
compounded by the growing chance of a random match
between oligonucleotides as their length goes down. It is
estimated from random simulations (data not shown) that
~56% of 4-bp “flanking repeats”” may come from coincidental
matches.

If at least some flanking repeats merely appear to be shorter
because their matching copies are either truncated or missing,
then the complete copies with the TTAAAA-like nicking
signals may still be abundant in the regions preceding or
following the retroposons. Fig. 2 compares two groups of
30-bp-long sequence regions immediately preceding 5" ends of
complete Alu elements, using a x? test as described for Fig. 1.
The first group of 30-bp-long segments includes 344 long
flanking repeats discussed in the previous section, and the
second one includes 356 shorter flanking repeats. In spite of

Table 2. Base occurrences at different positions of flanking repeats and of the 3’ adjacent regions

Alu ID
N P T C A G Total P T C A G Total
-20 A 0 0 6 1 7 A 0 0 4 0 4
~19 A 0 0 11 0 11 A 0 0 3 1 4
~18 A 2 1 20 3 26 A 0 0 6 0 6
-17 A 4 0 36 7 47 A 0 0 9 0 9
~16 A 8 0 82 17 107 A 0 1 13 2 16
~15 A 8 2 127 2 159 A 1 0 26 4 31
~14 A 10 1 164 28 203 A 2 0 35 5 42
-13 A 24 2 186 36 248 A 2 0 34 12 48
-12 A 45 10 190 38 283 A 4 0 42 4 50
~11 A 66 20 173 52 311 A 8 3 32 9 52
-10 A 79 42 162 61 344 A 12 9 20 15 56
-9 A 7 60 137 75 344 A 12 12 21 11 56
-8 A 80 58 118 88 344 A 12 6 22 16 56
-7 A 79 72 135 58 344 A 12 5 28 11 56
-6 A 87 40 146 71 344 A 16 9 21 10 56
-5 A 92 61 124 67 344 A 14 11 16 15 56
—4 T 137 43 119 45 344 T 26 8 14 8 56
-3 T 118 72 96 58 344 C 14 17 11 14 56
-2 T 137 90 49 68 344 T 21 16 9 10 56
-1 A 85 46 149 64 344 A 19 7 21 9 56
Comp., % (top) 234 12.8 46.1 17.8 21.0 125 477 18.9
Comp., % (bot.) 143 7.8 282 10.9 27.4 18.4 28.6 25.7
1 A 48 30 169 94 341 A 9 5 21 21 56
2 A 92 53 149 47 341 A 14 14 21 7 56
3 A 83 68 104 84 339 G 14 14 13 15 56
4 A 98 52 115 71 336 T 20 8 14 14 56
5 A 101 50 109 73 333 A 13 12 18 13 56
6 T 116 69 81 66 332 G 15 8 15 18 56
7 A 94 56 120 62 332 G 15 10 12 18 55
8 A 91 79 100 61 331 A 16 8 17 14 55
9 A 66 80 102 83 331 T 21 6 17 11 55
10 A 91 70 116 54 331 A 11 14 15 15 55
11 A 91 71 99 70 331 T 19 14 10 11 54
12 T 99 67 99 66 331 T 16 14 10 14 54
13 T 104 60 101 65 330 A 15 8 18 13 54
14 A 84 71 97 77 329 T 16 6 16 16 54
15 A 86 61 111 71 329 A 12 11 19 12 54

All 3’ ends of the flanking repeats correspond to position —1. Regions 3" adjacent to the flanking repeats start at position 1 and are indicated
by positive numbers (column 1). Columns 2-13 and the base compositions in the middle of the table are analogous to those in table 1.
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FiG. 1. x? values for individual positions of Alu and ID flanking
repeats and of adjacent regions. x> = 3t _ 1(0; — E;)?/E;; E; = (Total)
X (Composition;), where individual base occurrences (Oj), total
numbers of bases at different positions (Total), and the base compo-
sitions (Comp.) for the top and bottom part of the figure are from
Tables 1 and 2, respectively. x? values above the broken horizontal line
correspond to significance levels of P < 0.001 for 3 degrees of freedom.
The discrete x? values were connected by lines to improve the
presentation. () A cluster of significant x> values occurs at positions
—2 through +4 around the 5’ ends of flanking repeats. (b) Significant
X2 values are near the 3’ ends of flanking repeats at positions —4, —3,
and —2 immediately preceding the presumed antisense nicking site
which is between positions —1 and +1. The significant nonrandomness
around positions —11 through —16 corresponds to the 5’ end of
flanking repeats presented above. Significant y? values not shared by
Alu and ID flanking repeats are not considered here. (c¢) The overall
scheme indicating mutual orientation of retroposed elements, flanking
repeats, and adjacent regions.

their various lengths, the 5’ ends of flanking repeats were not
adjusted in either group, which contributes to some “blurring”
of the x? distribution relative to that in Fig. la. Nevertheless,
the x? values go well above the random background in both
groups, at positions —10 to —17 corresponding to the TTA-
AAA consensus signal. Smaller, but significant, x? values can
also be seen around positions immediately preceding the 5’
ends of Alu retroposons and corresponding to the 3’ signal
shown in Fig. 1b. This clearly indicates that many presumed
short flanking repeats indeed represent fragments of longer
flanks indistinguishable from those described in the previous
section.

Flanking Repeats of Other Retroposed Pseudogenes. Pat-
terns observed for Alu and ID flanking repeats appear to be
shared with BI and B2 elements from rodents (12). Further-
more, 5’ ends of flanking repeats of recently retroposed rat
and human L7 elements (refs. 13-15; see also compilation in
ref. 16), and two of the three de novo retroposed mRNA
pseudogenes in HeLa cells (17) begin within 5" TTAAAA
sequence or its most common variants listed in Table 3. As
illustrated in Fig. 3, similar patterns can be observed in a large
variety of processed pseudogenes from mammals. Further-
more, a single example of apoferritin pseudogene from frog,
flanked by perfect direct repeats was reported (18); it begins

Proc. Natl. Acad. Sci. USA 94 (1997) 1875

Table 3. Opverall frequency of hexanucleotides around primary
nicking sites associated with 400 Alu and ID sequences

Frequency

53 TTAAAA

38 TTAAGA

32 TTAGAA

17 TTGAAA

11 TTAAAG

10 CTAAAA

9 TCAAGA

AAAAAA

TTTAAA

TAAAAA, GTAAGA

TTAAAT, TCAGAA, TCAAAA, GTAAAG

TTAAGT, TCTAAA, GTAGAA, GTAAAA,

ATAGAA, AAAAAT

3 TTAACA, TGAAAA, TAAAAG, GTGAAA,
CTAAAG, CCAAAA

2 TTTAAT, TTATAA, TTAGAT, TTAGAG,
TGAGAA, TGAAAT, TGAAAG, TCAAAT,
TAAGAA, GGAAAA, GAAAAT, GAAAAG,
GAAAAA, CTAAGA, CAAAAA, ATAAGA,
ATAAAA, AGAAGT, AGAAAG, ACAAAA,
AAAGTT, AAAATC, AAAATA, AAAAAG

1 TTTTTT, TTTTTC, TTTTAA, TTTGAT, TTTAGA,
TTGGAA, TTGAGG, TTATGT, TTAGGA,
TTAATT, TTAATC, TTAAAC, TGTTCA,
TGTATA, TGGTGA, TGAAGA, TCAGAG,
TCAACA, TCAAAG, TCAAAC, TATTAA,
TATAAA, TAGAAG, TAAGTG, TAAGGA,
TAAGAG, TAAAAC, GTTAAA, GTGAGA,
GTAGAC, GTAATG, GGGGGT, GGAGGA,
GGAGAA, GGACTG, GGAAAG, GGAAAC,
GCAGTT, GCAGAA, GCAAGA, GCAAAG,
GCAAAA, GATGCT, GAATGC, GAAGAG,
GAAAGT, GAAAAC, CTCAAG, CTATAA,
CTAGAA, CTAAGC, CCTGTG, CCATTA,
CCATAA, CCAATG, CCAATA, CCAAGA,
CATAAA, CAGAAG, CACAGA, CAATTA,
CAAGAG, CAAACT, ATTTCA, ATGAGC,
ATGAGA, ATGAAA, AGTTTT, AGTAAA,
AGCATA, AGAAGA, AGAAAA, ACTAAA,
ACAGAA, AATTTT, AATTAC, AAGGGG,
AAGCTT, AAGATG, AAGAGT, AAGAAA,
AAATGT, AAATCT, AAATAA, AAAGTA,
AAAGCT, AAAGAG, AAAGAA, AAACAT,
AAACAC, AAAATG, AAAAGT, AAAAGG

All hexamers include two bases preceding and four bases following
the 5" ends of the flanking repeats.

Hexamer(s)

ENY B NEN ot

with AAAA and is preceded by tc, thus producing a 5’
tcAAAA pattern at positions —2, +4. This pattern differs
from the 5" TTAAAA consensus signal by a single T — C
substitution.

The above examples indicate that at least one of the two
patterns observed in Alu and ID flanking repeats can be found
in most processed pseudogenes not only in mammals but also
in amphibians, although more sequence data will be needed to
substantiate the latter. This suggests a universal mechanism of
retroposition in mammals and beyond.

DISCUSSION

The nonrandom distribution of bases near both ends of A/u and
ID flanking repeats provides a strong argument in support of
enzymatic involvement in the generation of the staggered nicks
prior to retroposition. Enzymatic nicking is an important first
step leading to reverse transcription and integration of R2
retroposed elements in insects (19). It is proposed here that
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Table 4. Length distribution of Alu and ID flanking repeats

Frequency Frequency
Length Alu ID Length Alu ID
4 142 30 16 60 7
5 88 10 17 21 3
6 45 7 18 15 2
7 24 3 19 4 0
8 27 0 20 4 1
9 30 0 21 1 1
10 33 4 22 0 0
11 28 2 23 2 0
12 35 2 24 0 1
13 45 6 25 0 0
14 44 11 26 0 1
15 52 15

enzymatic nicking also takes place prior to the integration of
mammalian retroposons and is guided by short sequence
signals described above. Of the two, the 5’ consensus signal
(5'-TTAAAA/3'-AATTTT) appears to be more robust sta-
tistically and is a likely target for the initial nicking prior to the
reverse transcription. The position of the second nick may be
determined not only by the sequence signal alone but also by
its distance from the first nicking site which, in turn, may
depend on the distance between the active sites in the hypo-
thetical nicking enzyme. It can be speculated further that if the
best signal is not found within the preferred distance, then a

a) 2
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Sequence position

FI1G.2. x?values for individual positions of 30-bp regions preceding
5’ ends of Alu retroposons. The x? values were calculated and
presented as explained in the legend of Fig. 1, except that flanking
repeats and the adjacent regions have not been adjusted and the
expected values were calculated using total base composition of the
30-bp sequence segments which include flanking repeats and adjacent
regions. All 3’ ends of the 30-bp regions correspond to position —1,
immediately preceding the 5’ ends of Alu sequences. (a) x> values for
the 30-bp regions which include long (>9 bp) and short (4-9 bp)
flanking repeats. (b) Analogous x? values of two randomly selected
sets of 30-bp human sequences as described in Materials and Methods.
The x? values for these random sets are well below the broken
horizontal line, which corresponds to P = 0.001.
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I. HUMAN
J04755 tgg AAGAATGACAAAAGA-aga~aaaa--AAGAATGACAAAAG ta
X15277 ttc AAAGAAAACAGC----tac~aaaa----- ARAGAAAACAG aa
X04253 ttc TAAAATACTTG-----— cat~gaaa------ TAAAATACTT ta

Ull424 ctt AAAAACAATTTGCTT-ggg~aaaa-AAAAACAATTTGCTT tt
J00316 ctc AAAGAAATCAGAGA--tgt-aaaa--AAAGAAATCAGAGA ct
M55082 gtt AGABATATTTCCCTCAggg~aaaaAGAAGTATTTCCCTCA

X06353 ctt GAAAATAACTCCA---gga~aaaa---GAAAATAACTTCA at

II. RODENTS
J00799 tat AAAAAGAGATTTTT--ggc~ttaa--AAARAGAGATTTTT tt
J04764 ctt AAATCTCA-------- ttc~aagg-------- AAATCTCA ac
M10142 tct AAGAAGGGGCAAA---cgc-~aaaa---AAGAAGGGGCAAA gt
M11797 ttt AAGAGTCT-------- tgg~aaaa~-—------- AAGAGTCT at

X01236 tat AAAGAACTCAAGA---ggt-aaaa---AAAGAACTCAAGA aa
X02720 att AAGAATTTGTTTTCT-agg~aaaa-AAGAATTTGTTTTCT tg
X03593 gtt AATTGTGTCATTCC--ggg~aaaa--AATTGTGTCATTCC ac
X04258 cct AAAAGTGCTGCCC---aca~aaaa---AAAAGTGCTGCCC gc
X05705 ttt ACAAATGG--------— caa~aaaa-------- ACAAATGG gc
X13791 ctt AAGAGTCAGGCTCTC-gct~aaaa-AAGAGTCAGGCTCTC tc
X14510 gag TGTGACAATAA----- att~ctte----- TGTGACAATAA tt
X16556 ctt TCAATCAACAAATGG-gga~aagg-TCAATCAACAAATGG cc
X72759 agg AAGCATGTTT------ ggt-taaa------ AAGCATGTTT ac
211987 gat GAGTTTGCCAGAA---act-~aaaa---GAGTTTGCCAGAA gg

III. OTHER MAMMALS
X02216 ctt GAAAATCACAG----- cag-aaaa----- GAAAATCATAG aa
X52381 ctc AGAATAATTTCTT---ggg-~aaaa---AGAATAATTTCTT ga

IV.FROG
J02723 ttc AAAATCTTATACGTCCcca~aaaaAAAATCTTATACGTCC tg
5' adj. 5' flanking repeat ~ Retroposed 3' flanking repeat 3" adj.
pseudogene

Fic. 3. Examples of direct repeats flanking diverse processed
pseudogenes from GenBank 97.0. GenBank accession numbers are
listed before each sequence. The flanking repeats are indicated in
uppercase letters and the adjacent sequences in lowercase. The
omitted portion of each pseudogene is marked by ~. The pseudogenes
listed are as follows: (/) human ferritin H, a-enolase, cytoplasmic 7SL
RNA, thiopurine methyltransferase, B-tubulin, y-actin-like, and chro-
mosomal protein HMG-17; (II) rodent a-tubulin, 8-aminolevulinate
dehydratase, cytoplasmic y-actin, metallothionein 1, cellular tumor
antigen p53, small nuclear RNA U3 (rat), small nuclear 4.5S RNA(I),
small nuclear RNA U3 (mouse), ribosomal protein L35a-related,
thymidine kinase, Vg 7183 family for immunoglobulin heavy chain,
7SK RNA, cytochrome oxidase subunit VIa, and acyl-CoA-binding/
diazepam binding inhibitor; (III) other mammals, rabbit short inter-
spersed C repeat (SINE) and B2-like repeat from mink; and (V) frog
(Rana catesbeiana) apoferritin pseudogene.

weaker signal is chosen. Conversely, if a strong nicking signal
appears closer or further away than the preferred 15- to 16-bp
distance it can be accommodated by the nicking enzyme within
certain limits. This simple model can explain the variable
lengths of flanking repeats and the relative weakness of the
sequence patterns associated with the 3’ ends of flanking
repeats.

The existing model for RNA-mediated integration of R2
elements (20) does not account for the presence of flanking
repeats. In a variant of this model, presented in Fig. 4, it is
proposed that the antisense nick originally initiates RNA-
dependent DNA polymerization (Fig. 4b), which is followed by
the formation of the second nick toward the 3’ end of the sense
strand. One possibility is that the formation of the second nick
is associated with the ligation of the 5’ end of RNA to the
exposed 3’ end of the sense strand. This could help to stabilize
the transition from reverse transcription to DNA-dependent
DNA polymerization and ligation of the antisense strand (Fig.
4c). However, alternative mechanisms involving specific pro-
teins are also possible. The final stage includes elimination of
the RNA and synthesis of the second DNA strand (Fig. 4d).

While this paper was in review, I became aware of new
evidence indicating that the reverse transcriptase encoded by
the human L1 non-LTR (long terminal repeat) retrotranspo-
son contains a domain homologous to the apurinic/
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F1G. 4. Model for retroposon integration in mammals. (¢) Enzy-
matic nicking in the presence of RNA indicated by a vertical black
arrow. (b) Synthesis of cDNA, indicated by a dotted line, and forma-
tion of the second nick, indicated by a black arrow pointed down. (c)
Completion of the reverse transcription and DNA-dependent DNA
synthesis, indicated by a dashed line and the lowercase letters, followed
by ligation. (d) Elimination of RNA and synthesis of the second DNA
strand. Modified after Luan et al. (19).

apyrimidinic (AP) endonuclease family (16, 20). It is also
capable of nicking DNA in vitro, primarily between runs of
pyrimidines and purines in a very A+T-rich region, as shown
in experiments with pBS plasmid DNA (16). Furthermore, the
authors (16) compiled a list of additional L/ elements with
identifiable flanking repeats and concluded that nicking sig-
nals in their flanking regions share common patterns with
those identified by in vitro cleavage experiments. These con-
clusions complement independent observations made in this
paper that the nicking signals associated with LI elements
follow the 5'-TTAAAA/3'-AATTTT pattern established for
Alu and ID elements, which is similar but not identical to the
consensus proposed by the authors (16). This adds significant
weight to previous hypothesis, based on different premises,
that Alu and other mammalian retroposons parasitize on the
L1 retroposition machinery (21).

Similarity between AP endonucleases and the RNase H
domains of certain reverse transcriptases from insects has also
been reported (22), which indicates that the same mechanism
for phosphodiester bond cleavage could be used in different
steps involved in retroposon integration.

As indicated in Results, some 5’ hexamers from Table 3 do
not seem to follow the 5'-TTAAAA consensus or any other
significant sequence pattern. They represent about one-third
of the studied sample. This leaves the possibility that signifi-
cant numbers of retroposons still integrate at random chro-
mosomal breaks as envisioned some time ago (23) and sub-
stantiated by recent experiments (24, 25). The majority, how-
ever, appear to be associated with specific targets, which may
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explain both frequent clustering and head-to-tail orientation
of retroposons (7).

Generation of staggered breaks by an endogenous enzyme
at nonrandom targets, combined with homologous recombi-
nation (26), can potentially lead to improved targeting of
extrachromosomal DNA to predetermined chromosomal sites
in mammals.
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