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ABSTRACT
Wnhave analyzed retitive DMI@ squences in a prosimian, Galago

crassicaudatus, and found that there are two distinct, highly repetitive
fanilies of sequences related to the human Alu family. The Type I
family is closely analogous to the humn Alu Family. Ihe Type II family
of repeats, hiict appears to be present in higher cay nutmber, has a
right half that is alnrst identical to the Type I family. However, the
left half of the Type II sequence sbxws only limited hIilogy to the
galago Type I or humn Alu families. A ccaparison of hcmologous
sequences in the left half indicated that they are centered in regions
of the Alu family whidc function as RNA polynerase III prcrwters. We
have also cbserved at least one example of a Type II left half that ws
integrated into the gencme independent of the Alu family right half
sequence. The Type II family appears to be of mdch moDre recent evo-
lutionary origin than the Type I and may have arisen by the independent
integration of a FM polynerase III pramoter adjacent to the right half
of a Type I Alu family sequence.

INTRODUCTION
In the buman genane there are appreximately 500,000 members of a

single repetitive DNA family, the Alu family (1,2,3). These sequences

are about 300 nucleotides long and are interspersed throughout the

genane (2,4). Structurally, the human Alu family nembers actually repre-

sent a head-to-tail dimer of two apprcnimately 130 base pair nDnamers.

The two halves of the diner contain about 70% hcmology to each other
with the right half also containing an internal region of 31 base pairs
ihich is not part of the left half (3,7). It is not clear wether these
31 base pairs reresent an insertion or a deletion event relative to the

evolutionary prototype sequence. The individual members of the human

Alu family do not contain exactly the sane sequence. Instea they are

divergent fran a canonical consensus sequence by about 13% (3) which

makes tham a family of similar, but not identical sequences.

There is strong evidence that the Alu family sequences have been
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interspersed throughout the genane by mans of RN intentediates (8,9).

The Alu family mmbers ontain a IM polymerase III pranoter (4) wathin

the left half of the diner (10) ihich would allow the formtion of the

1:Aintennediate. The details of the mechaniam for Alu family novement

are as yet unclear, but upon insertion into a new site in the gencme,

short direct repeats are fonned in the genanic sequence flanking the Alu

family nmeber as occurs with most other transposing elemnts (5,6).
The dimer structure of the Alu family appears to be conserved

throughout all lines of primate evolution (11). However, rodents have

equivalent sequences to the Alu family ihich are mnaners rather than

diners (5,6,12,13, 13). In the hamster gencfre there are actually two

subfamilies of Alu family equivalent sequences, neither of which involve

diner structure (13,14). These hamster Type I and Type II Alu family

equivalent sequences are apprcximately 140 and 96 bases long, respec-

tively. They share about 50 residues at the 5' end of the Type II

repeat with 88% hamology and a lesser hInlogy at the 3' end. The Type

II Alu-equivalent family makes a RNA polynerase III product, in vitro,

whereas the Type I does not. In this sense the hamster Type II and Type

I repeats are analogous to the left and right halves of the human diner,
respectively. It is not clear whether these multiple types of Alu family

related sequences are cannon to all lower m als. The rat gencre has a

closely analogous Type II family (15). The nouse genane has been found

to contain a sequence canparable to the Type I, the Bl repeat, and also

to contain another class of repeat of similar ccpy number and arrange-

nt to the Type II (16). This second nrouse repeat, the B2 repeat,

shows no major hanology with Alu fanily sequences, hever. A repeti-

tive family with hanology to the Alu family whidc is cannon to all
manuals and sane non-nanmalian species (17,18) is the 7S gene. This

gene is thought to be present in a few functional copies with about 500

to 1000 pseudogenes. Its structure is essentially that of an Alu family

ncnarer with an approximately 140 base insert. It is not clear whether
this is truly an insert or ihether the Alu family sequences arose fran a

deletion of a 7S progenitor (17).
In al l of the studies to date there have been no reports of a

ncner family, like the rodent families, in the human gencme or the

genane of arn other pimate. Neither does the hluan dimer type of Alu

family nember appear to be present in rodents. We have shown that even

in the prosimian, Galago crassicaudatus, there is a very human-like
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dimer Alu family. Hoever, in this report we describe a second type of

Alu family within the galago gencme which is clearly distinct fran the

human type dimer organization and present in high cepy number.

METHODS

Cloning galago repetitive DNA squences. Genanic Galago crassi-

caudatus DNA was prepared fran liver as previously described (11). Tihe

DM was cleaved with the restriction enzyme Rsa I and DNA fragments fran

300 to 500 nucleotides in length were isolated fran a 1.5% agarose gel

by a troug elution procedure (19). This DNA was ethanol precipitated,

resuspended, and cloned directly into Ml3np8 (20) by blunt-end ligation
(21). The Ml3np8 had previously been cleaved with Sra I and treated

with alkaline phosphatase to step religation. Recaibinant phage were

plated (22) and then screened by hybridization (23) overnight at 65°C
in 5 x SSC (SSC = 0.15 M NaCl 0.015 M citric acid) with nick-trans-
lated galago DNA. With gernnic DNA as a prcbe, only highly repetitive

cloned seiences were detected.

DN seuence analysis. Recinbinant clones wre picked and phage DNA

prepared fran one ml cultures (24). DNA sequence analysis ws carried
out by the dideoxy tennination n-ethid (25) using standard procedures

(22,24). DNA sequences wre analyzed by canputer using the programs of

Staden (26) as modified by K. Isono for use on the DEC 10. DN

sequences were ccapared to each other and the human Alu family consensus

squence (3) to detect related families of seguences.

RESULTS

Our experimental approach was to randanly create a large nunber of

Alu family containing clones in a forn which facilitates DNA sequence
analysis. Th do this we diose to cleave genanic galago DNA with the

restriction enzyne Rsa I. This enzyne did not cut the hunan Alu family

sequences and our preliminary data indicated that the same might be true

for galago. The cleaved DNA was then size fractionated to yield frag-
ments of 300 to 500 nucleotides in length. The fractionated DN frag-

ments could contain a 300 nucleotide-long Alu family nmeber with only a

minun of flanking squences, thus facilitating the secuence analysis
of the clones. These fragnts re blunt-end cloned directly into

Ml3np8 and screened by hybridization to nick-translated genanic galago
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10 20 30 40 50

OONE:........IULI AX cT AG1MTA~ G(XfAG)CA CATKWACr

GALl12 AACCAAAGOG......A ..C...A.......CA ...G.....G....A.
GAL 21 AAOOCATTrT....C....T. .GC.T.A ...C..A ..........'A.
GAL 25 ARAA1CATV A.....A T.C.........CA ........G.T.AG.
GAL 39 AMAAATGT G.X.....T. . .T. .X. .T.AA AG G.G T....C ....G.1.AG
GAL 34 AQ1'TAAT(WA.....CA.. G.CA........T.T.... ....A.
GAL 20 GPAGCAM~ G. .XX.....T. .T. .C.GT....A. .G. . .A.¶G..*.X ....T..* G.
GAiL 5 CAAA~1ACvr....CA...T... ....T. ..A.........A.
GAL 40 AC.. .XX.....TRAR.T.... G.G. . .A.TG.. X.X ... T....A.
GAL 1 .C.X.A..T. TT..TG.......C.
GAL 27 C.GC.XA T..........G
GAL 35 A....C T..*.T.TTC.
GAL 7 ...T....
GAL16.. ..

GAL 6 .. .

GAL33.. ..

GAL30.. ..

GAL 26 ..C

60 70 80 90 100 110
ODN: OG1G"IGG= TTCGRANOOA~CA GOCAANCAAC AATGAACr GA~AOAAAA

GAL 12 ..C..T....T.TX.M...T.....A....XXXM..... :

GAL 21 A.........T....T...T.....T. ..A..TGG.. :: V
GAL 25 .A...A..........A....T..T....G...... ....xx..
GAL 39 A........A..*.A....C.A... AX... TG. . .A. . XXXXX XX)0000. .

GAL 34 .........T..TTX .. .....A .T..........C. .G.XX0C.
GAL 20 ....A.. .A..*.T.G A... ...

A .(]00000(200000. .

GAL 40 T.....T.X........x.....x *.T... 00C0M.0CGAL 1 ...C.* A.A. . .T.......TX.....T....G.GC...X...TAI
GAL 27 AX.C.......T.....T...T .........TG. . AT....X..
GAL 35 .......:A: ..C....X..... TG.1. .CA.T.....X XX00000. .
GAL 7 A...C. T., ....A..C ...... ..GG.A......M
GAL 16 A.........T.'....A.A..CA.......X...M......M
GAL 6 A....C....T..C1!.....T....ATCA..........G......M
GAL 33.....C....T...T........T.........TGG.....XX..
GAL 30 .....CAMXXX2C..*.A.TG1 .. .T.A..*.T A.T. .G......T..G.A..XX..
GAL 26 AA....C..A .... .....T..C .........GG.......
GAL 4 A.X......C..

120 130 140 150 160 170
OONS: AAAATAM1M GGC*CXTG1'~G~GCG TAGCOCAGO UTMAXOG~GCTGAGGCAA
GAL 12 .T..... TA..... ..T..................
GAL 21......A...A....T.................A.G..
GAL 25 .......T... A.A ......A....A......A.T...A...G
GAL 39 ..

GAiL34 ..... ......A.T...........C.........
GAL 20O ....T......A. TA.M.-A..A...............
GALS5......T...A....A .T..................A...
GAL 40 ...G.....T....T...A.......... A.....
GALl1.....T. ...A.....A...C........4
GAL 27 .....T....A....A..A...A...A ..A .............G...
GAL 35 ...G...T.. ..T.....T...T....A..CA..... A.......
GAL?7 ....C.............X..G.....G......A....G
GAL 16...........X......G............G....G
GAL 6 ..T.....A..A....T...T....A.G.......C.........G
GAiL33 ...G........X..A.....G...........A..A...G
GAL 30 ....C...A. ..T..CA... T...T.......T......A........
GAL 26 ...... ..................... .G....
GAL 4 .. .GC..T.A .AT.....A..A..i .......... -7 G4~
GAL 3 A.T.G......
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180 190 200 210 220 230
CQE: GGA T --DG A'IGGTA CAAC

GAL 12 .T. .A ..A ...G..
GAL 21 ....C.
GAL 25 . ..A. T............... ...A.C.T
GAL34 .T ..A ...T .......... AG.T
GAL 20 ............A...C.. T
GAL 5 . T..... A...T ...T....G...............
AL 40 ..X....A.C. . C...C. A. T...G..T..
GAL 1 ......X.T. T ...A
GAL 27 .........T . T. TT
GAL 35 ..A...T..C. C. TG
GAL 7 ....C... A.......G
GAL 16 ....C...G...A G.T
GAL 6 ....C.G A.T
GAL33 ....T.T . G.T. .A.A
GAL 30 . A.T...A.T...A.T .A .X
GAL 26 ..... G A.G
GAL 4 ....... ....A...C........... .A ... TX..
GAL 3 A...C.GA T T

240 250 260 270 280

CGE: _ _ ACa<AMALAAMAMA.. .

GAL 20 ..AA... T.. ..A . A.G.GTAGM GAGT1TRAMA
GAL 5 ...A .CA. X .. X X.. ... .TC AATGGT
GAL 40 T.... C. ...AAC .X.... .TAX T. T . TAA A
GAL27... ..G.......G G X.a G
GAL 35 .TG.A. .C.. ..A . C..................GG. ATCT
GAL 7 .......X. ..G...G .C. AAACTG
GAL 33 ..T..... G G. A.X. GUX;
GAL30 .....T.. ..A...... A. .X. AQeT
GAL 26 .A.G.G....A....X....G.A..G1.AA.AT.UMA
GAL 4 TGA...A........... .. . ..TT CA A
GAL 3 .A... T.G.C....G ..X. G....GiAA OCAGTAAMA

Figure 1. A consensus sequence for the galago Type II Alu family. The
sequence of nineteen cloned galago T[pe II repetitive sequences are
aligned and a consensus sequence (CONS) is created. In the few posi-
tions where one base was not the nost prevalent, both bases were in-
cluid. Approximately ten bases of flanking sequence are included and
the numbering begins at the left end of the repeated DNA sequence.
Deletions in a clone sequence are marked with an X and insertions are
marked above the rest of the sequence for that clone.

DNA. Under these conditions, clones containing repeats present in high

cpy number in the galago genane would be detected. Although this

approadh could easily select against the presence of larger repetitive
IA sequences, it should yield a fairly randan population of inter-

spersed repeated sequences of 300 nucleotides in length and less.

Using the procedure described above, we detected 40 clones uhich
contained highly repetitive eleTents out of approximately 500 genanic
clones. Sequence analysis of these forty clones shwed that six of the
clones represented repetitive sequences analogous to the human Alu

family. In galago we wil1 refer to this as the Type I Alu family and

they are described in detail in the accaqpanying paper (27). Another 18
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1 |94 247
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1 111 264
TCAAAACTAC. ACMM_

GAL 5

Figure 2. Direct repeats flanking Type II fanily manbers. The direct
repeats that flak three galago Type II Alu family members are pre-
sented. TUderlined bases are nmsmatches within the direct repeats. The
overall structures of the repeats are represented sdiematically. The
solid heavy line represents the right half sences and the apen lines
represent the left halves. The numbers correspond to the exact lengths
of these regions for eadc specific clone.

clones, referred to as the Type II Alu family, showed excel lent hanology

to the right half of the Alu family, but contained a different left half

of about 100 bases in length (Figure 1). One other clone, GAL 39 (Fig-

ure 1), contained only the left half of a Type II sequence with no

attached Alu family hanologous sequence. This DNA sequence was flanked

by direct repeats (Figure 2) suggesting that it ws inserted into the

genane independently and did not result fran the insertion of a Type II

Alu family mnber with the susequent deletion of the right half.

Figure 2 also shows sane of the direct repeats seen flarking the typical

Type II Alu family sequences. Analysis of the sequences within these

direct repeats shoed 42.3% A and 23.8% T residues suggesting the possi-

bility for a preference for A+T rich integration sites with a bias

toards A on one strand. This is consistent with the sequences of

similar direct repeats (5,6).
The Alu family clones of both types represented apprcximately 5% of

the clones screened. Since we did not seqee the entire insert of all

40 clones, w may not have detected all Alu family containing clones so

that this number may be an underestimate. Also, any highly divergent

family nEibers may not have been detected by our screening procedure.
This estmate is in close agreement with the proportion of the human

gerane present as Alu family (3-7%, 1,2,3). However, in the case of

galago, only one-fourth (6/25) of these clones represented a human-like

dimer Alu family (Type I). The other three-fourths represent members of

the Type II family. The presence of occasional Rsa I cleavage sites in
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the two families nay have affected their relative ircportions sanewhat
in our analysis. However, there was no major difference between the

two families in this respect as seen by sequence analysis, so that it

appears that the Type II family is actually represented in several-
fold excess over the Type I family in the galago gename.

We can learn a great deal about the heterogeneity of the galago
Type II Alu family fran Figure 1. First of all, the averall hetero-

geneity is about 14% in each clone relative to the consensus sequence.
With only one exception, the clones are diverged fram the consensus
within the range of 10.5% to 19.5%. The specific values are 18.5%,13%,

13.5%,14%,14%,ll%,12%,10.5%,17.5%,13%,14%,9.5%,16.5%,15.5%, 11.5%,11%,
19.5%,28% and 18% for the clones in nunrerical order. Clone GAL 39 with
a divergence of 28% represents a repeated DN sequence with only the

left half of the Type II sequence. If we partition the sequences at

position 114 to separate left and right halves we see that the left half
has almost 19% divergence while the right half has only 8%. This is
similar to ihat vas cbserved for the galago Type I family (27) with 20%
and 13% divergence for the left and right halves, respectively.

There are at least two sabfanilies of sequences which stand out

fran the remainder of the clones. We initially identified these sub-
families because of identical insertions or deletions in three separate
clones. COe example is desonstrated by clones GAL 20,39, and 40 which
all share a two base deletion at position 4 and alnrost identical dele-
tions at position 96. In addition, between positions 1 and 110, there
are five point mutations ubich are ccamon to all three clones and numer-
ous mutations cannon to two of the clones at a time. Qne unusual feature
of this subfanily is that clone GAL 39 represents only left half, mono-
meric sequences. A subfamily which is even nmre strikirg involves
clones GAL 7,,16 and 26. These clones all share an unusual So base
insert at position 70. About half of the raeining mutations relative

to the consensus are cann to all three of these clones and many more
occur in a paired manner. This subfamily deviates fran the consensus by
an average of 11.5%, but the individual clones differ fran each other by
less than 3.5%. In the region fran 171 to 213 these clones do not
differ fran each other at a single base. There may be other subfamilies
in addition to these with less specific variances or which are less
abundant so that they are not as obvious in this study.

We lock at the distribJtion of the heterogeneity of primate Alu
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Figure 3. Divergence as a function of position in p:rinate Alu families.
The percentage divergence of individual clones fran their respective
consensus sequence is plotted as a function of position: (A) the galago
Type II family, (B) the galago Type I family (27) and (C) the human Alu
family (3). The percentage divergence is calculated for each five base
unit of the consensus sequence. Insertions or deletions are each cal-
culated as a single mutational event. The blackened area corresponds to
left half sequences and the cross-hatched area corresponds to the region
in the human Alu family that is not present in the left half of the
dimer.

families in more detail in Figure 3. By plotting heterogeneity as a

function of position ie see the overall high level of divergence within

the left half. There is also appreciable heterogeneity in the right

half, with two major regions that seen to be more highly conserved. The

first of these regions is found between positions 145 and 175 (Figure

3A). This is the region ihich has been shown to be highly conserved in

not only the human (3) and galago Type I (27) Alu families, but also in

rodent Alu families (4). In addition, because of the large amount of

data here, we are confident that the region fran positions 196 to 220

shows even less heterogeneity (Figures 1 and 3A). This region shows

only 5% divergence in the Type II Alu family and it can also be seen

that the sane region in the human and galago Type I Alu families is

highly conserved (Figure 3B,C). This region is found entirely within
the 28 base region in galago and 31 base region in human ihich is not

found within the left half of these Alu families (3).
The similarities and differences in the so types of galago Alu

7602



Nucleic Acids Research

10 20 30 40 50 60
Galago Type I 1TrTlIA TGGI AACTCATGM 1 AC7=nA(A(CAKGWA=

** ** * ** *** * * ** * *********

Galago Type II 15GI1G ZGMlOCX000MA G1GZTAGGG CKMCAGC
** * * ** **** * * ** * ********

HuEn 7 A M C TM GX CGGT

70 80 90 100 110 120
Galago Type I G tG MCAGGAG AM=AGCA(I CA X SAOOXlT

** *** ** * **** * * ** * ** *** *** * ** * **

Galago Type II ATA)CA GGGnGInGG T1COCA 33GCCCA( C/0XXXXA ACAACAAT(G
** * * * *** * * ** * * * ****** ** ** **

Hman G1GCO T T¶CAAGM= ACA7TA

130 140 150 160 170 180
Galago Type I C TAIAAAAATT AGTGGGAT G GI AG1 CCAXTA1T

* ** * ** * * * * * *

Galago Type II CAMX CAAAAAAAT G T1 1 T
* ** * ** * * * * *

HEin CTACZRAAAA TRCAAAAATT 1711CMIC GCCTA1CCCAAOC1a

190 200 210 220 230 240
Galago Type I GGCAAGAG 1T1T CCAAGA1= TG[G1TG1T

* * * *

Galago Type II kGGL7% GlCAAGA 2VGTTAG OClGGAGT3X X G%GTG
* * * * * * *

Hamn GWJCGQGA :G CG TG -

250 260 270 280 290 300
Galago Type I GMCTAA1GC CAGGGGA GTCGIC A AAA

* * ** *

Galago Tye II GCACTC.X GW1¶1 CTGICICTAA AAAAAAAAA
*** * * * * *- *** ** *

Huan T a C GAGCAT OCA A MAMA

Figure 4. A canparison of human and galago Alu families. The consensus
see for galago Type I (27), Galago Type II (Figure 1) and the
human Alu fanily (3) are aligned. Both the humn and Type 1 sequences
are campared to the Type II consensus, with stars indicating mismatcies.
Deletions in one consensus versus another are marked with an X.

family and the human Alu family consensus sequences are pointed out in
Figure 4. Position 138 marks what we consider as the boundary between
the left and right halves of the different Alu families. The right
halves are very hanogeneous, with the Type II consensus sequence showing
about 10% divergence fran the Type I and about 16% divergence fran the
human Alu family. Ihe Type I consensus sequence also shows about 16%
divergence fran the human seqence. Not surprisingly the two galago Alu

family rrkbers are more closely related to each other than to human.
The left half of the Type II sequence des not shw this close

relationship with either the Type I or human Alu families (Figure 4).
Attempts to cptimize the hanolgy by makng insertions at six different
positions yielded only a 50% hacology between consensus sequences. This
small anount of hamology is largely centered in three locations. One is
the A-ridc region fran 125 to 138 whiid seems to be a standard feature
of interspersed repeated DNA segances (5,6) and the other two are
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around 35 to 50 and 80 to 99. The latter of these areas spans the

region thought to be important for RN polymerase III pranters (10) and

for reasons discussed later, we feel that this is also true of the

region fran 3 5 to 50. In spite of these similarities, the overall

structure of the left halves of the [ype I and II Alu families is quite
different. Most striking is that when the sequences are lined up for
maximm hcaology (Figure 4), the Type II sequence begins 14 bases within

the Type I sequence. In addition there are several other regions with

multiple base deletions in the Type II consensus versus the Type I

consensus (positions 29 and 104 in Figure 4). These are sanektat less
striking than the truncated left end because sare of the individual lype
I manbers also shcw variable deletions in these general regions (27).

The region fran position 52 to about 79 shows essentially no significant

hanologies beteen the Type II and Type I Alu family sequences. There is

also a sequence near the right end of the Type II left half which in-

cludes a distinctive region with a variable number of CAA units (Figure
1, positions 83-92). Although the significance of this sequence is

unknawn the sequence AAACAA is highly conserved and diagnostic of the

galago Type II Alu family.
In the accanpanying paper ie showed that the galago Type I

sequences contain species-specific differences relative to the human Alu

family sequences. The positions discussed in that paper as being galago

Type I specific are also found in the galago Type II family, at least in

the right halves %here a canparison can be made. However, there are

several positions where Alu family type-specific differences occur in

galago. Most of the differences in the consensus sequences of Figure 4

result fran minor variations in one base or another and are likely not

to be significant. However at position 199 (Figure 4), the Type II has

an A in 18 out of 18 clones while at the equivalent position the Type I

has 6 out of 7 G's with only one A. Another case is at position 144

4here the Type II Alu family has 13 C's, 3T's and one A, while the Type

I has 5T's, only one C and one A. There are also several less convinc-

ing positions where the consensus sequences lean towards different

bases. It is clear that the bwo galago types are very similar in their

right halves, but seen to have several distinct differences. This

suggests either a relatively recent formation of the Type II Alu family

relative to galago-human divergence, or a sequence correction nechanism
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whxerby the two types of galago Alu family maintain a similar, but not

identical spectrmn of sequences.

DISCUSSICN

Although nultiple types of Alu family repeats have been found in

the hamster gename (13,14) and are quite possibly canno)n to the lowcr
maiwals, finding a nw Alu family in a primate genane is uriprecedented.
This is particularly true since the human Alu family has been exten-
sively studied by DMA sequence analysis without finding any alternate
fonns of this family of sequences.

For reasons discussed below, we believe that this Type II Alu
family has arisen quite recently on an evolutionary tine scale. We also
believe that it has spread itself by means of a RN intenrediate which
is produced using a RNA polymerase III proter within its new sequenoe

camponent. This new family not only seens to be much rrDre active at

amplifying and transposing itself than the Type I family, but also may
be replacing that family within the galago gename.

The apparent lack of the galago Type II Alu family in the human
genrxe suggests that the first Type II member ws created after the
divergence of the human and galago lines. Preliminary Southern blots
indicate that this family is not present in the genanes of several
onkeys tested, nor in another prosimian, the lemar. In contrast, the

Type I sequences were clearly present before this split (27). Consistent

with this cbservation is the relative divergence of these two families
fran their ccnsensus sequence which is 14% and 17% for the Type II and
Type I families, respectively. This also indicates that the Type II

repeat is a irmre recently evolved Alu family. If ie canbine its nore
recent origin with its higher copy number in the galago cells, the Type
II Alu family also appears to amplify and spread itself wre efficiently
than the Type I.

It appears likely that the human Alu family has amplified itself by
means of RNA intenrediates and that the RNA polymerase III prcmoter in

its left half is responsible for the transcription of this intermediate
(8,9). It is interesting, then, that it is the left half sequence which
is different in the galago Type II family. Preliminary evidence indi-
cates that at least three of the Type II clones, GAL 20,25 and 34, also
contain active in vitro R polynerase III pranoters (data not shawn).
W therefore propose that the Type II family represents the fusion of a
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new RM polynerase III pranoter (within the left half sequence) with the

right half of a Type I Alu family sequence. The right half Type I
sequence would then be transcribed in conjunction with the left half
Type II sequence and allow for the rapid spread of the Type II sequence.
If this model is true, then the fusion of these tw sequences caused the

Type II Alu family to amplify more efficiently than either of its parent

sequences.
The galago Type II Alu fanily differs fran the Type I in that the

left half is appreciably shorter as well as that rrary portions of the

left half sequences are consistently non-haologous. A large portion of

the limited hanolcgy that exist between the Type I and II left halves

appears to be associated with a RIA polymerase III praroter. The most

essential portions of the hunan Alu family prciroter were mapped within
the region fran -106 to -7 (10) %hich corresponds to positions 64 to 91

in Figure 4, a region whidc is hamologous between the Type I and II Alu
families. The Alu family R polynerase III pranoter rrentioned above

contains a region highly hanologous to the sequence GA¶CRANNC whiic is
the consensus for the "B" box of the tRIA pranoter (28-30). The tIRA
prcroter has been found to contain a second region, the "A" box, near

the 5' end of al 1 tRM genes (30). The "A" box consensus sequence

RRYNNARYGG (28-30) begins about 15 bases downstream fran the 5'end of
the transcript. In the bLmian Alu family there is an "A" box hamology 6

bases fran the 5 'end of its transcript (position 6 in Figure 4). Ihis

sequence is almrost canpletely absent at the equivalent position in the

galago Type II sequence. However, the Type II sequence AOCACAGTGG,

startirg at position 35 precisely intches the "A" box canonical
sequence. M!breover, the position of this sequence corresponds to the

first region of major hanology between the different Alu family types

(Figure 4). TIhis gives the galago Type II Alu family a classic RNA
polyrrerase III pranoter (28-30) with an "A" box fifteen bases fran the

end of the repeat which we assure will also correspond to the 5'end of

transcription, and a 34 base spacer to the "B" box. This suggests that
all of the cbserved hamology in the left half of the Type II Alu family
can be explained as essential features of a BE polymerase III pranoter
and not necessarily as any direct evolutionary relationship between Alu
family nembers.

W had previously noted that sane regions of the human Alu family
sequence showed less divergence than others (3). This pre eably
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reflected evolutionary constraint on those regions. one of the nost

notable of those regions was also conserved as far back as the rodent

Alu families and hal hanology with the papovavirus origins of DNA repli-

cation (4). We have plotted the relative divergence of the Type II Alu
family as a function of position in Figure 3. We have also incluid the

same analysis for the galago Type I (27) and the human Alu fam,ilies (3).

The divergence profiles are reTarkably alike. First of all, the right

halves of the Alu families are appreciably more homogeneous than the

left halves (19% versus 8% in galago Type II, 20% versus 13% in galago
Type I and 14% versus 12% in human for left and right halves of the Alu

families, respectively). This suggests wore stringent functional oon-

straints naintaining the right half sequences. Secondly, there are

specific regions which maintain a very high degree of harogeneity, most

of kich are in the right half as well. As irentioned previously, the

region with hanology to the papovavinrs origins of DNA replication

(position 153 to 195 in human Figure 3C) is well conserved. The oligo-A

region at the extrene right is also very hanogeneous. Perhaps the nost

striking harology is found in the region fran 195 to 220 in the galago
Type II sequences (5% mismatch). This corresponds to the sequences
present in the right half of the Alu family whiich are not present in the

human or galago Type I left half. ThLs, in all of the Alu families in

Figure 3, the region which we had previously described as an "insert"

(3,7) shows the nmst renarkable sequence conservation. Since the left

half of the human Alu family seens to be all that is necessary for the

FM polymerase III pranoter (10), this data suggests that the right half

sequences share a fumctionally better conserved role than the left half

containing the pranoter function. At present we have no fin data on

wMat the function of these sequences may be.

One point that also saggests a correction iredanian acting between

these sequences is that at sane positions where the Type II sequence is

very harogeneously different fran the human Alu family, the Type I will

be heterogeneous and have a gradient of sequences ranging fran the human

type of Alu family to the galago Type II. The best nple of this is

shown in Figure 5, whidchdepicts the region at the junction of the left

and right Alu family halves. The consensus for the galago Type II

seguence (Figure 1) and the human Alu family (3) are presented along
with the data on the Type I fanily (27). Sane of the Type I clones agree

well with the human see and others with the Type II suggesting
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M*N

GAL 10
GAL 19
GAL 36

¶LrAl IAAAlCTiA

T...CIGIGA I

...GrACT AAAATGAAAA .....

TAQ 6 AAAMMCAATr (; =TG.
GAL 15 Tm.C....IAG cGG.
BAE ¶CTC. AAAAAT.AG...... -
GAL 9 ...cr AAA ....... CCG
GAL 13 TCT *...CT AA4AG . AA=
GM 31 TCT... cr AAAAAT...... CG.

GAXAGD
TM II AA AC ........C.CGG

Figure 5. A canparison of a region of the galago aType I repeats with
galago Type II and human. The consensus sequence at the junction of the
left and right halves of the human (tcp) and galago Type II (bottan) Alu
families are presented. The sequence of this region fran individual
galago Type 1 clones is presented in the boxed region showing the region
ihere sane of the clones resemble the human Alu fanily and sane resanble
the galago Type II sequence.

that, if the haman consensus represents scmething closer to the proto-
type Alu family, the Type II family is gradually converting the Type I

fanily. The reverse does not seen to be true but, since there appears
to be three tines as mry Type II sequences as Type I, it is not sur-

prising that they wuld daninate. If there is a conversion process it
is clearly very slcw and inefficient as evidenced by the heterogeneity
within the families and the fact that there are specific differences
existing between the families. Another explanation for the data in

Figure 5 might be that the change fran AAAAATAGAAAATTA to AAAATAG
could be the result of a hcnologous recarbination event between the two
closely related halves of that sequence.

One last point wrth considering, is the presence of a n-onomer unit
in the Type II left half sequences (GAL 39, Figure 2). To our kncwledge
this has not been cbserved in primtes for any other Alu family. The
relatively high divergence of GAL 39 relative to the consensus does
suggest that the left half sequence may exist as a family of sequences
that may be evolving separately fran the related Type II Alu family

sequences. This clone may even represent a n r of an independent
repetitive DM family, one nember of which fused with a Type I Alu
family menber to forn the original Type II family. Alternatively,
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mronaner left half squences nay only be the result of a mistake in the

transposition of the TLype II nwntbr. Truncations of se ences hici are

amplified using a R intenrediate are not unusual (31). The higher
divergence could then be the result of a lessening of functional con-
straints on the Alu fanily member once it had lost the right half

sequence. The elucidation of the relationship betwen monarer and dimer

Alu fanilies in the Erimate genane will reguire alditional information.

ACKNqLaEDENTS
We wish to admcJwledge that the galago tissue ws provided by the

California Primate Researdi Center. We wuld like to thank Ms. A.
Jennifer Diniak for her technical assistance. This work ws supported

by a grant fran the National Institutes of Health, GM 29848.

Abbreviations:
N any deowynucleotide
R purine
Y pyrimidine

REEREX:ES
1. Rinehrt, F.P., Ritch, T.G., Deinirger, P.L and Schmid, C.W.

(1981) Biochemistry 20, 3003-3010.
2. -buck, C.M., Rinehart, F.P., and Schmid, C.W. (1979) J. Mol. Biol.

132, 289-306.
3. Deininger, P.L. Jolly, D.J., RItin, C.M., Friedmann, T. and

Schmid, C.W. (1981) J. Mol. Biol. 151, 17-33.
4. Jelinek, W., Ibaney, T., Leinwand, L., Duncan, C.H., Biro, P.A.,

C2udary, P.L., Weissmn, S., Rubin, C., Houck, C., Deininger,
P.L. and Sdcmid, C.W. (1980) Proc. Nat. Acad. Sci., U.S.A. 77,
1398-1402.

5. Scnid, C.W. and Jelinec, W.R. (1982) Science 216, 1065-1070.
6. Jelinek, W.R. and Schmid, C.W. (1982) Ann. Rev. Biochen. 51,

813-844.
7. Deinirger, P., Jolly, D., Friedmann, T., Rubin, C., Houck, C. and

Schmid, C. (1980) in Mechanistic Studies of DNA Replication and
Recanbination (B. Alberts and C. Fred Fax, eds.) Acadenic Press,
Inc., flew York. pp. 369-378.

8. Van Aarsdell, S.W., Denison, L.A., Bernstein, L.B., Weiner, A.M.,
Maser, T. and Gestland, R.F., (1981) Cell 26, 11-17.

9. Jagadeeaoraran, P., Forget, B.G., Weissnan, S.M. (1981) Cell 28,
141-142.

10. Fhumnan, S.A., Deininger, P.L., LaPorte, P., Friednann, T. and
Geiduschek, E.P. (1981) Nucl. Acids Res. 9, 6439-6456.

11. Deininger, P.L. and Schmid, C.W. (1979) J. Mol. Biol. 127, 437-
460.

12. Krayev, A.S., Kranerov, D.A., Skryabin, K.G., Ryslkv, A.P., Bayev,
A.A. and Georgiev, G.P. (1980) Nuld. Acids Res. 8, 1201-1215.

7609



Nucleic Acids Research

13. Haynes, S.R., Toaney, T.P., Leiriand, L. and Jelinec, W.R. (1981)
Mol. Cell. Biol. 1, 573-584.

14. Haynes, S.R. and Jelinek, W.R. (1981) Proc. Natl. Acad. Sci.
U.S.A. 78, 6130-6134.

15. Ieirawd, L., Wydro, R. and Nadel-Ginard, B. (1982) Mol. Cell.
Biol. 2, 1320-1330.

16. Krayev, A.S., Madkusheva, T.V., Kramerov, D.A., Ryss]vv, A.P.,
Skryabin, K.G., Bayev, A.A. and Georgiev, G.P. (1982) Nucl. Acids
Res. 10, 7461-7475.

17. Ullu, E., Murphy, S. and Melli, M. (1982) Cell 29, 195-202.
18. Ullu, E., Esposito, V. and Melli, M. (1982) J. Mcl. Biol. 161, 195-

201.
19. Kang, B.R., Lis, J. and Wu, R. (1979) in Methods in Enzyrrology

(WU, R., ed.) Vol. 68, pp. 176-183 Acadenic Press, New York.
20. Messing, J. and Vieira, J. (1982) Gene 19, 268-275.
21. Winter, G., Fields, S., Gait, M. and Brownlee, G. (1981) Nucl.

Acids Res. 9, 237-245.
22. Messing, J., Crea, R. and Seebuig, P.H. (1981) Nucl. Acids Res. 9,

309-321.
23. Benton,, W.D. and Davis, RLW. (1977) Science 196, 180-182.
24. Sanger, F., Coulson, A.R., Barrell, B.G., Snith, A. and Roe, B.

(1980) J. Mol. Biol. 143, 161-178.
25. Sanger, F., Nicklen, S. and Coulson, A.R. (1977) Proc. Natl. Acad.

Sci., U.S.A., 75, 5463-5467.
26. Staden, R. (1980) Nucl. Acids Res. 8, 3673-3694.
27. Daniels, G., Fax, M. Ioewensteiner, D., Sdhmid, C. and Deininger,

P. (1983) accanparying article.
28. Traboni, C., Ciliberto, G. and Cortese, R. (1982) EMBO J. 1, 415-

420.
29. Gauss, D.H. and Sirinal, M. (1982) Nucl. Acids Res. 10, rl-r23.
30. Cili}brto, G., Raugei, G., Castanzo, R.F., Dente, L. and Cortese,

R. (1983) Cell 32, 725-733.
31. Bernstein, L.B., Mount, S.M. and Weiner, A.M. (1983) Cell 32, 461-

468.

7610


