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Three of the most recently inserted primate Alu family members are exceptionally closely related. Therefore,
one, or a few, Alu family members are dominating the amplification process and the vast majority are not
actively involved in retroposition. Although individual Alu family members are not under any apparent
evolutionary constraint, the sequences of these active members are being moderately conserved.

The Alu family of repeated DNA sequences is one of the
most successful of transposing elements, having duplicated
itself approximately 500,000 times in the human genome (for
reviews, see references 17 and 23 and P. L. Deininger, In M.
Howe and D. Berg (ed.), Mobile DNA, in pre-ss). This
duplication is thought to occur via an RNA intermediate in a
process termed retroposition (15). Evolutionary studies have
suggested that the Alu family began to amplify only about 60
to 70 million years ago (2, 4). However, recent studies of Alu
family members in the primate globin genes suggest that
relatively few of the Alu family members are the results of
recent amplification events (9, 16). These data suggest that
the Alu amplification rate may have been high at an early
stage and have decreased recently.
There are three examples of Alu family amplification

events that have occurred quite recently. One is an Alu
family member adjacent to the 3-globin gene region which is
polymorphic in gorillas but not in the orthologous locations
in chimpanzees or humans (19), suggesting an insertion less
than 5 to 8 million years ago. Even more recent are two
insertions of Alu family members which are present in some
humans but not in others. Such insertions have been found in
the Mlvi-2 locus of 1 of 59 humans (6) and in one of two
independent clones of the human tissue plasminogen activa-
tor gene (8). These last two insertions must have integrated
less than about 200,000 to 1 million years ago (1).

All three of these recently inserted Alu family members fit
within a subfamily (Fig. 1) that is thought to be younger than
average Alu family members (18; C. Willard, H. T. Nguyen,
and C. W. J. Schmid, J. Mol. Evol. in press). When all of
these subfamnily members were compared with one another
in a pair-wise fashion (Table 1) and a tree of relationships
was built (Fig. 2), using a least squares analysis (7), the close
relationship of these recently inserted elements is striking.
Thus, these three members are much more closely related to
one another than they are to the other subfamily members,
and they are even more distantly related to the average Alu
family members.
The close relationship of the recently inserted Alu ele-

ments suggests they were either derived from a very small
subset of closely related Alu family members or from a single
Alu family member. In either case, the data suggest that the
vast majority of Alu family members have little if any
retroposition potential compared with that of this small
subset. Individual Alu family members have been observed
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to evolve at about the rate of neutral evolution after their
insertion (16). At about 0.5% per million years (10), this
would suggest that the two human repeats diverged from a
common ancestor about 4 million years ago and from the
gorilla repeat about 8 million years ago. These numbers are
slightly higher than those expected for the appearance of
Homo sapiens (1) and its divergence from the gorilla (12).
However, given the small sizes of the sequences for com-
parison, with only 5 to 12 differences between the sequence
pairs, these data would still be consistent with the sequences
having arisen from a single active progenitor.

This evolutionary analysis, showing that a very limited
number of Alu family members may be capable of active
retroposition, is consistent with a growing body of data
indicating that expression of individual SINE members may
be tightly restricted. It has now been demonstrated that the
internal RNA polymerase III promoter may not always be
sufficient for transcription in vivo. The human 7SL RNA
gene, from which Alu is ancestrally derived (20), requires 37
bases of specific upstream sequence for transcription (21).
Thus, since sequences upstream of the transcription unit
cannot be retroposed, newly formed SINE members are
likely to be inactive transcriptionally unless they integrate
into an optimal chromosomal environment. This restriction
of transcription ofAlu is supported by the general lack ofAlu
transcription in HeLa cells (14) and by the predominant
transcription of only one Alu family member in primate
brains (11, 22). In a similar SINE family, the rat identifier
family, it has been shown that a single gene codes for the
major neuron-specific transcript, BC1 (3). These data dem-
onstrate that the Alu family and SINE families are capable of
very restricted, tissue-specific gene expression from individ-
ual members. Because there are additional steps after tran-
scription in the retroposition process, it is possible that other
factors (such as the variable A-rich 3' end) could also
contribute to the dominance of one, or a few, Alu family
members in the amplification process.
There are two major evolutionary implications of these

observations. The first is that, if a very small number of
"active" retroposons can dominate the amplification pro-
cess, mutations occumrng in these members could easily
have major affects on the process. Such mutations could
result in the formation of newer "subfamilies" of altered
sequences, as have been observed (18; Willard et al., in
press), and also in changes in the retroposition rate of a
family. Thus, it might not be unusual for variation to
eventually "silence" a retroposon family. The second impli-
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FIG. 1. Alignment of Alu subfamily members. The alignment of the sequences tkL, tubE, tubF, tubJ, a2dJ, pjp, and pro4 has been
presented previously (18). The sequences tpa25 (8), Mlvi (6), and gor (19) represent recently amplified Alu family members. The sequences
tpal and tra 14 (8) were also added to the subfamily compilation. The consensus sequence (con) is that derived for these subfamily members
and differs significantly from that for the overall Alu family (18). The dots indicate positions at which individual sequences agree with the
consensus; sequence variations from the consensus are marked with the appropriate base, with x for deletions, or by insertions marked above
the line.

cation is that the vast majority of the SINEs may simply estimate of the sequence of the typical active family member
represent pseudogenes of these active members. This would at any point in evolution comes from the consensus se-
be consistent with previous models of selfish DNA (5, 13). quence for these family members. We have previously

Nonetheless, the question remains of whether the active derived a consensus for the older Alu family members and
members themselves have a specific function. Our best the subfamily (18), and we now can generate a consensus for

TABLE 1. Divergence of Alu subfamily members

% Divergence from:
Sequence

tpa2S Mlvi gor tpal4 tpal tkL tubE tubF tubJ a2dJ pip

Mlvi 1.8
gor 4.3 3.2
tpal4 8.2 6.8 6.8
tpal1 13.2 11.4 11.4 12.8
tkL 8.5 7.5 6.4 10.3 13.2
tubE 10.7 9.6 9.3 13.2 15.7 11.0
tubF 10.0 8.9 7.1 11.4 15.7 10.0 12.1
tubJ 8.2 8.2 7.5 11.4 14.9 10.3 13.5 15.3
a2dJ 12.1 11.7 11.7 16.7 18.5 16.0 15.7 13.5 15.3
pip 12.8 12.5 11.4 14.6 14.2 13.2 15.3 14.6 19.6 17.1
pro4 15.7 16.7 15.7 17.1 16.4 17.1 20.6 18.0 15.3 22.4 20.6
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FIG. 2. Phylogenetic tree of Alu subfamily members. The pair-
wise comparisons of divergence, derived from point mutations,
between all of the Alu family members shown in Fig. 1 is compiled
in Table 1. These data were analyzed for relationships between the
sequences by the program EVOLVE (7), which uses a least squares
method of analysis. The best fit is presented and has a least squares
fit of 7.6%. The lengths of the lines represent the relative diver-
gences from a common ancestor, with the scale presented at the
bottom.

these newly inserted Alu family members (Fig. 3). Analysis
of these consensus sequences shows two interesting charac-
teristics. First, the consensus for the new family diverges
from the old consensus by only 5.3% (15 of 283 positions).
This contrasts with the typical old Alu family member
diverging from the same consensus by 14%. Since the typical
Alu family member does not seem to be under significant
selective pressures (9, 16), this suggests that active members
are subject to a moderate degree of selection. Secondly, the
Alu family consensus sequences are relatively rich in the
dinucleotide CG. These CGs mutate rapidly in the individual
Alu family members, and approximately two-thirds have

been lost in the typical family member. Despite this normally
high rate of mutagenesis for CG dinucleotides, there is very
little alteration in CG nucleotides between the old consensus
sequence and the sequences of the new Alu family members
(Fig 3). Whether the selective pressure on active Alu se-
quences reflects an important function for Alu itself or
simply the restraints placed on sequence by the retroposition
process remains to be determined.
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Old GGCCGGGCGCGGTGGCTCACGCCTGTAATCCCAGCACTTTGGGAGGCCGAGGCGGGCGGATCACCTGAGGTCAGGA
**

Sub GGCCGGGCGCGGTGGCTCACGCCTGTAATCCCAGCACTTTGGGAGGCCGAGGCGGGCGGATCAC - -GAGGTCAGGA

New GGCCGGGCGCGGTGGCTCACGCCTGTAATCCCAGCACTTTGGGAGGCCGAGGCGGGCGGATCAC - -GAGGTGAGGA

Old GTTCGAGACCAGCCTGGCCAACATGGTGAAACCCCGTCTCTACTAAAAATACAAAAA-TTAGCcGGGCGTGGTGGC
* * * * *

Sub GATCGAGACCATCCTGGCTAACACGGTGAAACCCCGTCTCTACTAAAAATACAAAAAATTAGCCGGGCGTGGTGGC
* * *

New GATCGAGACCATGCCCGGCTAAAACGGTGAMACCCCGTCTCTACTAAAAATACAAAAAATTAGCCGGGCGTAGTGGC

Old GCgcGCCTGTAgTCCCAGCTACTCGGGAGGCTGAGGQgGGAGAATCGCTTGAACCCGGGAGGCGGAGGTTGCAGTG
* * * * *

Sub GGGCGCCTGTAGTCCCAGCTACTCGGGAGGCTGAGGCAGGAGAATGGCGTGAACCCGGGAGGCGGAGCTTGCAGTG
*

New GGGCGCCTGTAGTCCCAGCTACTTGGGAGGCTGAGGCAGGAGMATGGCGTGMACCCGGGAGGCGGAGCTTGGCATG

Old AGCCGAGATcGCGCCACTGCACTCCAGCCTGGGcgACAGAGCGAGACTCCGTCTC

Sub AGCCGAGATCGCGCCACTGCACTCCAGCCTGGGCGACAGAGCGAGACTCCGTCTC
*

New AGCCGAGATCCCGCCACTGCACTCCAGCCTGGGCGACAGAGCGAGACTCCGTCTC
FIG. 3. Comparison of Alu family consensus sequences. Three consensus sequences are presented, that for the bulk of Alu family

members (old), that previously presented for the Alu subfamily (18; sub), and that derived from the three recently inserted Alu family members
(new). The "old" consensus sequence has been slightly modified from that presented previously (18) to compensate for positions at which
mutations occurring at CG dinucleotides had made the previous consensus somewhat ambiguous. The asterisks mark the positions of
divergence of each of the consensus sequences relative to the subfamily consensus. All CG dinucleotide positions are underlined. Dashes
mark the insertion and deletion of sequences that clearly distinguish subfamily members from older Alu family members.
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