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ABSTRACT

A series of clones that contain human Alu family elements are actively
transcribed in soluble in vitro RNA polymerase III systems. The 5' ends of
the in vitro transcripts are located about 170 nucleotides upstream of the
eponymous Alu I site of the repeat, while a region associated with specifying
of the initiation site for in vitro transcription lies in the region between
79 and 106 nucleotides upstream of the central Alu site. Thus, the RNA polym-
erase III transcription unit defined by the human Alu family is similar to
other RNA polymerase III transcription units in possessing an internal region
that is required for active transcription in vitro.

INTRODUCTION

The human genome, in large part, is organized as an interspersion of 300

nucleotide (nt)-long repeated DNA sequences with several kilobase pair long

single copy sequences (1,2). Most of the 300 nt interspersed elements

represent a single family of sequences, the Alu family (3-5). A set of clones

containing Alu family repeats has been constructed by reannealling human DNA

to low Cot, treatment with S1 nuclease, isolation of 300 base pair S1-
resistant material, and insertion of this DNA into the Bam HI site of pBR322

by the use of Bam linkers (5). These clones have been named BLUR for Bam-

Linked Ubiquitous Repeat and have the advantage that they contain only

repeated DNA sequence and little, if any, unique DNA sequence. These clones

have been sequenced individually, allowing a consensus sequence for the family

to be derived (5). Alu family elements have also been identified in cloned

human genomic DNA: four copies have been located in the Y, 3, 6-globin gene

cluster (6,7), one copy near the human insulin gene (8), and two copies near

the s-globin gene (7,9).
All sequenced members of the Alu family repeat have the general structure

shown in Figure 1A (5,8-10). The numbering system used in Figure 1 (and

throughout this report) to indicate the boundaries of the various clones and
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Figure 1. The general form of the human Alu family repeat. Part A is a
linear representation of the Alu repeat where the central GC and CG base pairs
of the Alu I site define nucleotides -1 and +1, respectively. The ends of the
repeat are near nucleotides -170 and +130. Drawn in this way, RNA transcripts
from the repeat run from left to right (see text). Part B is a redrawing of
the repeat which emphasizes its head to tail dimer structure and also indi-
cates the position of the 32 base pair insertion in the right member of the
dimer. There is greater than 70% homology between the two halves (5). The
exact boundaries of the dimer structure varies among Alu elements, so that the
5' and 3' boundaries indicated in the figure are approximate.

subelones refers to positions in the sequence relative to the eponymous cen-

tral Alu site which was used initially characterize this family of sequences.

We use this notation, which refer all sequences to that single site, because:

1) nearly all the sequenced Alu family elements have small insertions and/or

deletions (relative to the consensus sequence of the repeat, ref. 5) which

make the exact boundaries of the repeat heterogeneous; 2) some of the BLUR

clones represent incomplete repeats and 3) in the absence of any other unique

site, we find the central Alu site is the most useful reference point.

The Alu family repeat is actually a head-to-tail dimer of an approxi-

mately 130 nt sequence (Figure 1B), with an insertion of 32 nt in the right

half of the dimer (5). Sequence analysis of the Alu repeats in genomic clones

also shows that the repeat can itself be flanked by short direct repeats (8-
10); the known short direct repeats are not related to each other (10).

Two Alu elements in the Y, 3, 6-globin gene cluster serve as templates

for RNA polymerase III in vitro; these DNAs have been sequenced and the 5' and

3' ends of the transcripts identified (6,11,12). A number of human RNA

species have homology to the Alu family. These include hnRNA molecules which

are generated by readthrough of the repeat elements by RNA polymerase II (12),
a heterogeneous group of oligo(dT) cellulose-retained RNA species (11) and a

discrete species of 7S RNA (14). In isolated nuclei, 7S RNA appears to be
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synthesized by RNA polymerase III (15).

In this report, we have used BLUR clones and subelones to analyze the

transcription properties of the Alu family in soluble RNA polymerase III sys-

tems (16,17).

METHODS

Preparation of extracts. Extracts were prepared from BHK and HeLa cells

exactly as described by Weil et al (16), or from HeLa cells as described by

Manley et al (17). In either case, the dialyzed material was clarified by

centrifugation (10 min, Brinkman microfuge, 4-80); the clear supernatant was

stored in aliquots at -700. Similar results were obtained with the three dif-

ferent extracts.

Recombinant DNA materials. All recombinant DNA materials were handled

according to the NIH "Guidelines for Recombinant DNA Research" under supervi-
sion of the local Institutional Biohazard Committee. Plasmid DNA was isolated

and purified as described (18); double stranded replicative form DNA of the

M13mp7 clones was isolated as described (19).

The construction and sequences of BLUR clones of the human Alu family

repeats have been presented in detail(L4,5); their boundaries and orientations,

with respect to the Hind III and Sal I sites of pBR322, are indicated in Fig-
ure 2.

Several subelones of BLUR 8 have been constructed. The M13mp7 subelones

were constructed by blunt-end ligation of BLUR 8 fragments into the Hinc II

sites of M13mp7 (19). In this procedure one microgram of isolated BLUR 8

insert DNA was ligated into multimer and circular form by DNA ligase and then

sonicated in 100 mM Tris (pH 7.6), 1 mM EDTA on ice. The sonicated DNA was

ethanol precipitated and then the ends "repaired" by incubation with 10 units

of T4 DNA polymerase (P-L Biochemicals) in 25 Fl of a solution containing 67
mM Tris Cl, pH 8.0, 6.7 mM MgCl2, 10 mM 2-mercaptoethanol and 25 PM of all

four deoxyribonucleoside triphosphates at 150 for 2.5 hours. This material

was then fractionated by agarose gel electrophoresis; DNA that was around 100
base pairs in length was collected for blunt-end cloning. The boundaries and

orientations of the resulting BLUR 8 subclones, with respect to the lac Z and

lac i sequences in M13mp7, are indicated in Figure 2.

Sau 3A subelones of BLUR 8 were constructed by standard procedures and

are shown in Figure 3. 8-2 and 8-3 are the -111 to +64 Sau 3A fragment of

BLUR 8 inserted into the Bam site of pBR322 in both possible orientations.

8-1 differs from BLUR 8 in that the Bam HI to Sau 3A -152 to -112 fragment has
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Fiue2. The BLUR clones and M13mp7 subclones of BLUR 8. The heavyy
solid lines indicate the extent of Alu famlily homology in each clone; the hor-
izontal dashed lines indicate that the insert extends beyond Alu family homol-
ogy into unrelated, but non-vector sequence. The arrowheads indicate the end
of the insert closest to the pBR322 Sal I site ( BLUR clones, above) or closest
to the Lac i gene of M1 3mp7 (mp7 subclones, below) . We have not determined
the orientation of the insert in BLUR 10. The exact boundaries of the inserts
in the BLUR clones are: BLUR 10, -45 to +1 32; BLUR 7, -76 to +123; BLUR 14 (-
366) -106 to +130; BLUR 19, -141 to +104; BLUR 11, -145 to +133; BLUR 8, -145
to +121; BLUR 6, -160 to +112; BLUR 2, -168 to +135; BLUR 13, (-179) -168 to
+11 5 and BLUR 1 (-1 97 ) -1 68 to -44 . The numbers in parentheses ind icate the
extent of non-Alu, family, non-vector sequence . The boundaries of the M1 3mp7
subclones of BLUR 8 are : Bst 8 , -1 52 to -79 ; 4c8 , -1 52 to -61; 5d8 , -1 34 to
-28; Hae 8, -123 to -77; 4d8, -107 to -6; 5a8, -2 to +120, 5c8, -20 to +100.
For Bst 8 and 4c8, the -145 to -152 region actually consists of the pBR322 Bam
HI site together with the Bam linker from BLUR 8.

been reversed relative to its orientation in BLUR 8 and that the +65 to +124

fragment of BLUR 8 is missing. All subclones have been sequenced to confirm

their identity; no base changes from BLUR 8 are present.
In vitro RNA synthesis. Standard reactions contained 8 mM Hepes, pH 7.9,

9S (v/v) glycerol, 4 .5 mM MgCl 2, 60 mM KC, 4 mM phospho-enol-pyruvate, 0. 2 mM

dithiothieitol, 0.5 mM each ATP, GTP and CTP, 25 pM I a-32P]-UTP (2-4

Ci/mmnole), 0.5 pg/ml a-amanitin, and 0.2-0.5 pg DNA in a final volume of 25

ul. If GTP was the labeled nucleotide, ATP, CTP, and UTP were present at 0.5

mM and [a-32P]-GTP was at 40 uM (2-4 Ci/mmoole). Five to 10 pl of extract were

included in the reactions, which were initiated by addition of extract and

incubated 60 min at 30°0. Any variations from these cond itions are noted in

the figure legend s. RNA synthesis was stopped and the RNA was isolated and
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Figure i. Sau 3A subelones of BLUR 8. The cloned insert of BLUR 8 was
purified from Bm HI-digested DNA and further digested with Sau 3A. This
material was recloned into the Bam HI site of pBR322. Sau 3a digestion of the
BLUR 8 insert generates three fragments: -152 to -112, -111 to +64, +65 to
+126. The outside fragments include the Bam linkers used in the original
cloning. The -152 to -112 fragment has been inverted in 8-1 relative to its
orientation BLUR 8; this is indicated by the horizontal arrow on the line.
Symbols: pBR322 sequence; I Bam HI linkers; - , Alu family sequence.

subjected to electrophoresis on 4% acrylamide-7M urea-0.05 M Tris-borate, pH

8.3-1 mM EDTA gels, as described (18). A mixture of in vivo labeled yeast 5S
and 5.8S RNA (20) and in vitro RNA synthesized by B. subtilis RNA polymerase

holoenzyme on intact phage SPOl DNA template (21) were used as size markers

for the gels. Gels were autoradiographed at -700 using unflashed Cronex 4

film and Quanta III intensifying screens (Dupont).
Sinle-strand specific nuclease protection mapin of the 5' ends of in

vitro transcripts. BLUR 8 DNA was digested with a mixture of Alu I and Hinc

II and BLUR 6 DNA was digested with a mixture of Alu I and Hinf I. Digested

DNA was treated with calf intestinal alkaline phosphatase (Boehringer), then

terminally labelled with [y-32P]-ATP and T4 polynucleotide kinase to a

specific activity of 5-6 x 106 cpm/pmmole of 5' ends. The labelled digests

were fractionated by electrophoresis on a 3.5% acrylamide gel and the

appropriate fragments isolated. The BLUR 8 fragment is 427 bp long and

extends from the Hinc II (Sal I) site of pBR322 to the Alu I site at -1 of the

insert. The BLUR 6 fragment is 409 bp long and extends from the Alu I (Hind
III) site of pBR322 to an Alu I site at -101 of the BLUR 6 insert. Single
strands of those fragments were isolated by electrophoresis on an 8% (60:1
acrylamide: bis) strand separation gel; the identity of the strands was deter-
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mined by sequence analysis (22). RNA was synthesized in standard reactions

and prepared for use in single strand-specific nuclease protection experiments

in one of 2 ways: 1) the reaction mixtures were treated with DNase I (10 min

at 300, 0.5 g, Worthington); RNA was isolated as above and used without

further purification or 2) labelled RNA was prepared and electrophoresed as

above then located by autoradiography and eluted from the gel (18) for further

use.

The isolated RNA was hybridized to 2-4 fmoles of labelled probe (18); the

hybridized material was treated with S1 nuclease (Sigma or Bethesda Research

Labs) or Mung bean nuclease (P-L Biochemicals) at 370 for 60 min, then at 420

for 10 min. The nuclease concentrations used are noted in the legend to Fig-

ure 7. The ionic conditions for S1 nuclease digestion were exactly as

described in ref. 18, while the Mung bean nuclease digestions were carried out

in the presence of 100 mM NaCl. Nuclease-resistant material was concentrated

by precipitation with isopropyl alcohol and subjected to electrophoresis on 8%
acrylamide sequencing gels.

RESULTS

In vitro transcription of Alu family repeats. Several BLUR clones, as

well as subclones of BLUR 8 are active templates in the in vitro transcription
systems of Weil et al. (16) or Manley et al. (17); the electrophoretic

analysis of the labelled RNA products is shown in Figures 4, 5, and 6. With

the exception of the 610 nt RNA seen in lanes 1 to 7 of Figure 5, the syn-

thesis of all labelled species is: 1) dependent on added DNA (Fig. 4B, Lane 1

and Fig. 5, Lane 7); 2) sensitive to Actinomycin D (not shown) and 3) sensi-

tive to high (200 ig/ml) but not to low (0.5 ig/ml) concentrations of ca-

amanitin (not shown). These data indicate that the transcripts are the pro-

ducts of RNA polymerase III. The 610 nt RNA in Fig. 5 has been observed only

when Hela whole cell extracts (17) are used with a [32P]-UTP label; it was not

seen when [32P)-GTP was used (Fig. 4B, Lane 1).
Most of the clones give rise to transcripts that are quite different from

those derived from pBR322 alone (compare Fig. 4A, lane 1 with Fig. 4A, lanes

2, 3, 4, 6 and 7 and Fig. 4B, lanes 2-4) or from M13mp7 alone (compare Fig. 5,

lane 1 with lanes 2-6). Two clones, BLUR 7 and 8-2, give rise to products

that are indistinguishable from those of pBR322 (compare Fig. 4A, lane 1 with

lanes 5 and 8). In addition, BLUR clones 13, 11, 19 and 14 function as in

vitro templates while BLUR 10, 5a8 and 5c8 do not (data not shown). We asso-

ciate the different patterns of BLUR 8 (Fig. 4A, Lane 3) and BLUR 6 (Fig. 4A,
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Figure 4. Electrophoretic analysis of in vitro transcripts. Markers (m)
are as noted in Methods. All reaction mixtures -intained 7 pl of a HeLa whole
cell extract and 0.2 ig DNA. The label was [a- PI-GTP. The templates in
Part A are: lane 1, pBR322; lane 2, BLUR 1; lane 3, BLUR 8; lane 4, 8-1; lane
5, 8-2; lane 6, 8-3; lane 7, BLUR 6; and lane 8, BLUR 7. The templates in
Part B are: lane 1, no DNA added; lane 2, BLUR 8; lane 3, 8-1; lane 4, 8-3.

Lane 7 and Fig. 6, Lanes 1 and 2) with the opposite orientations of the Alu

family insert relative to pBR322 vector as all transcripts terminate in vector

sequence (see below, Figure 6).
Because the various clones and subelones of the Alu family repeat can be

considered as an orderable series of "deletion" mutants, we can infer the por-

tion of the Alu family repeat that is required for the expression of non-

vector transcripts. Considering only the original BLUR clones, it appears

that in vitro transcription of Alu family repeats requires sequences situated

upstream from -44 on the consensus sequence (BLUR 1, -197 to -44) and down-

stream from -106 (BLUR 14, -106 to +130). Sequences between -76 and -44 may

be required, but are not sufficient, for transcription as BLUR 7 (-76 to +123)
is not active.

A difficulty with this manner of interpreting transcription of the BLUR

clones is that the BLUR clones, when compared pairwise across their overlap-
ping regions, are not 100% homologous (pairwise homology averages about 80%,
see ref. 5). Single base changes in the regulatory region of a tRNA gene can
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Figure 5. (Left) Electrophoretic analysis of in vitro transcripts from
M13mp7 subclones of BLUR 8. Markers (m) are as indicated in Methods. All
reaction mixtures containO 7 ul of a HeLa whole cell extract and 0.2-pg DNA.
RNA was labelled with ta- PJ-UTP. The templates are: lane 1, M13mp7; lane 2,
Hae III 8; lane 3, Bst 8; lane 4, 4c8; lane 5, 4d8; lane 6, 5d8; lane 7, no
DNA.

drastically alter its in vitro transcription properties (23), and we do

observe differing transcription efficiencies among the BLUR clones (compare

BLUR 1 and BLUR 8, Fig. 4A, Lanes 2 and 3). Thus, we cannot entirely exclude

the possibility that the defective template properties of BLUR 7 and BLUR 10

are due to base changes within those segments of the Alu repeat that they

share with the active clones.

One can partly eliminate the problem of sequence heterogeneity in BLUR

clones by comparing the transcription properties of the various BLUR 8 sub-

clones. Comparison of BLUR 8 and 8-1 (Fig. 4A, lanes 3 and 4) implies that

sequences downstream of -111 are important and that inversion of the fragment

that extends from the Bam linker (at -152) to the Sau 3A site at -112 has no

effect on transcription in vitro. Clones 8-2 and 8-3 contain the -111 to +64

Sau 3A fragment, but in different orientations. Clone 8-3 is transcribed

(Fig. 4A, lane 6 and Fig. 4B, lane 4), again suggesting that the region down-

stream from -111 is required. The fact that clone 8-2 is not transcribed

(Fig. 4A, lane 5) suggests, however, that it is possible to have effects of
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Figure 6. (Right) Electrophoretic analysis of in vitro transcripts from
intact and restriction enzyme-digested BLUR 6. Markers (m) are as indicated
in Methods. All reaction mixtures contained 10 p l of a BHK cell S-100 extract
and 0.3 vg of DNA. RNA was labelled with [a-32PJ-UTP. The templates are:
lane 1, supercoiled BLUR 6; lane 2, Hind III-digested BLUR 6; lane 3, Sal I-
digested BLUR 6.

upstream sequence and this will be discussed below. The properties of the

M13mp7 subelones suggest that the sequence between -107 and -79 is required

for in vitro transcription, since that is the only region common to all five

transcribed clones (Figures 2 and 5). In sum, these data suggest that a

region between -106 and -79 of the Alu family repeat are sufficient for tran-

scription by RNA polymerase III in this in vitro system.

The RNA products (excluding the pBR322 and M13mp7 transcripts) range in

size from about 400 nt to larger than 3000 nt (Figs. 4 and 5) and are longer

than the cloned inserts (Figures 1 and 2). However, the appearance of signi-

ficant amounts of RNA different from the vector transcripts is dependent on

the presence of Alu family sequence between -106 and -79. The experiment

shown in Figure 6 suggests that the multiple products observed from BLUR 6 are

the result of an RNA chain initiation event at a single site (or at a very

tightly clustered set of sites) and multiple RNA chain termination events in

pBR322 sequence (or processing of transcripts at various downstream sites).
In this experiment, three templates were used: intact BLUR 6, Hind III-
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Figr 7. S1I nuclease protection mapping of 5' ends. A. BLUR 8 RNA sam-

ples were hybridized to the 5' end-labelled '427 nt Alu I (5'1) to Hine II (3')

DNA probe, treated with 70 units S 1 nuclease, concentrated and electrophoresed

as described in Methods. The lanes are: lane 1, markers obtained by G-

specific cleavage of the 427 nt probe; lane 2, markers obtained by (C plus

7)-specific cleavage of the 427 nt probe; lane 3, gel-purified BLUR 8 RNA;

lanes 4 and 5, DNase I-treated total BLUR 8 DNA; lanes 6-9, DNase I-treated

total BLUR 8 RNA. The hybrids in lanes 6-9 were treated with Mung bean

nuclease: lane 6, 50 units; lane 7, 75 units; lane 8, 100 units; lane 9, 125

units. B. BLUR 6 RNA samples were hybridized to the 5' end-labelled 409 nt
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Alu I DNA probe from BLUR 6 and treated with 70 units (lanes 2,3, 5 and 12) or
100 units (lane 4) S1 nuclease, concentrated and electrophoresed as described
in Methods. The lanes are: lane 1, markers obtained by A plus G-specific
cleavage of the 409 nt probe; lanes 2 and 6-12, DNase I-treated total BLUR 6
RNA; lanes 3 and 4, gel-purified BLUR 6 RNA (500-1500 nt); lanes 5, gel-
purified BLUR 6 RNA (1500-3000 nt). The hybrids in lanes 6-11 were treated
with Mung bean nuclease: lane 6, 10 units; lane 7, 25 units; lane 8, 50 units;
lane 9, 75 units; lane 10, 100 units; lane 11, 125 units.

For both A and B, controls were performed: 1) DNA only, no nuclease; 2)
DNA only, plus nuclease and 3) DNA and S100 RNA (RNA from a reaction mixture
containing extract but no DNA), plus nuclease. These lanes are not shown as
they are blank.

digested BLUR 6, and Sal I-digested BLUR 6 (Fig. 6, lanes 1, 2 and 3, respec-

tively). Digestion of the template with Hind III does not alter the pattern

of transcription while Sal I-digested DNA gives rise to a single run-off RNA

product. The complementary result is observed for BLUR 8: digestion with Hind

III, but not Sal I, results in a single truncated RNA product (data not

shown). This also confirms that the orientation of the transcripts is deter-

mined by the orientation of the cloned insert and that the RNA has the 5, to

3' sense of the Alu family sequence.

The 5' ends of in vitro transcripts. We have mapped the 5' ends of the

BLUR 8 and BLUR 6 transcripts using single strand-specific nuclease protection

experiments (25,26).

S1 nuclease mapping of the 5, ends of BLUR 8 RNA indicates the location

of several possible 5'ends: there are three major protected fragments of

length 168 nt, 171 nt and 172 nt as well as 2 minor 186 nt and 190 nt-long

fragments. The same results are observed both with gel-purified BLUR 8 RNA

and with unfractionated BLUR 8 RNA (Figure 7A, lanes 3 and 4), indicating that

the size selection does not also select for particular 5' ends. Because the

5' end of the probe is at nucleotide -1 of the Alu family consensus sequence,

the lengths of the protected fragments provisionally map 5' ends of BLUR 8 RNA

to -168, -171, -172, -186 and -190 on the consensus sequence. Somewhat simi-

lar results are observed for BLUR 6: there is a cluster of protected fragments

from 69 nt to 73 nt in length, as well as a minor pair of fragments 81 nt and

82 nt in length (Fig. 7B, lanes 2-5). Again, the preparation of the RNA does

not influence the pattern of protected fragments. Because the 5' end of the

BLUR 6 DNA probe is at nucleotide -101 of the consensus Alu family sequence,

the fragment lengths provisionally map the 5' ends of BLUR 6 RNA to -169 to

-173 and -181 and -182 on the consensus sequence.

We have used Mung bean nuclease in a parallel series of experiments to
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map the 5' ends of the BLUR 8 and BLUR 6 transcripts. Comparison of the S1

nuclease and Mung bean nuclease data for BLUR 8 RNA (Fig. 7A, compare lanes 4

and 5 with lanes 6-9) suggests: 1) that protected fragments of length 168 nt

and 172 nt are likely to represent true 5' ends as they are common to both

digestions and increase in quantity with increasing Mung bean nuclease; 2)

that the intermediate bands (ca. 176-180 nt) seen in the Mung bean digestions

(Fig. 7A, lanes 6-9) are likely to be the result of secondary structure in the

portion of the probe that extends past the DNA-RNA hybrid since they are not

observed with S1 nuclease and their intensity decreases with increasing

nuclease. The 186 nt S1-protected fragment has no precise counterpart in the

Mung bean digestions; however, there is a Mung bean-protected fragment that is

approximately 3 nt longer and which increases in intensity with increasing
nuclease, while still longer fragments are decreasing in intensity (Fig. 7A,

lanes 6-9). These results do not exclude the possibility that there is an

additional 5' end at or near -186.
Mung bean nuclease protection with BLUR 6 RNA (Fig. 7B, lanes 6-11) sug-

gests that fragments of length 69 nt, 71 nt and 81 nt are likely to represent

real 5' ends (for the reasons already stated for BLUR 8); the heterogenity of

protected fragments around 71 nt and the 82 nt fragment in the S1 digestion

(Fig. 7B, lane 2) must result from incomplete trimming of the probe. Tfle {'4

nt and 84 nt fragments observed in the Hung bean lanes may be due to secondary

structure in the probe (see above, for BLUR 8: the relative intensities

decrease as the nuclease concentration is raised.)
From these data, we conclude that the majority of in vitro transcripts

from both BLUR 8 and BLUR 6 initiate about 170 nt upstream of the eponymous

Alu I site of the repeat. In genomic Alu repeats, such a spacing would bring

the transcriptional initiation site(s) near the 5' end of the consensus

sequence of the Alu family. That there apparently are multiple initiation

sites around -170 for both BLUR 8 and BLUR 6 is reminiscent of the tightly

clustered multiple initiation sites observed for adenovirus VAI RNA (27). In

addition, our data is not inconsistent with the possible existence of minor

initiation sites 10-15 nt upstream of the major sites. This issue is not

resolved by inspection of data such as that shown in Figure 6 as it is not

clear that a minor transcript 10-20 nt longer than the major runoff product

would be resolved in the autoradiography of our RNA gels.

DISCUSSION

We have shown that human Alu family repeats are actively transcribed by
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RNA polymerase III in mammalian extracts and that a region within the bounds

of -106 to -79 of the Alu family sequence is required for active transcription

in vitro; a consensus sequence for that region is shown in Figure 8. The

majority of 5' ends of 2 Alu transcripts map between 168 nt and 172 nt

upstream of the central Alu I site of the repeat; that is, about 65 nt

upstream from the region required for transcription. Thus, the RNA polymerase

III transcription unit defined by the Alu family repeat is similar to Xenopus

5S RNA genes (28,29), to the adenovirus VA I gene (27,30) and to Xenopus

tRNA1met (31) in possessing a regulatory region for transcription that is

located downstream from the initiation site of RNA synthesis. In addition,

the 5' ends which we have defined are comparable with the location of the 5'

ends of transcripts from the human genomic Alu family clones, pJP53 and pA36,

that lie between 174 and 168 nt upstream of the Alu I site in the repeat (-174

to -168 in our notation) (11,12).

The 28 nt-long -106 to -79 region, which we have shown to be associated

with in vitro transcription of Alu family repeats is a maximal estimate of the

regulatory region as we have no deletions extending further downstream from

-106 or upstream from -79 (Figure 8, lines a and b). A known mouse genomic

repetitive element, Bla, which is homologous to human Alu family repeats has a

deletion that removes the Alu family equivalent of -103 to -96 (10,32, Figure

8, line c). If this murine element were transcribed in vitro by RNA polym-

erase III, this would suggest that the regulatory region is shorter than the

one we have defined.

Assuming a 5' end at -170, the internal control region for Alu family

transcription is entirely contained with a region extending between 65 and 92

nt downstream from the 5' end. In contrast, the adenovirus 2 VA I control

region resides between +9 and +72 (27) or +11 and +75 (30); the Xenopus 5S RNA

internal control region lies between +50 and +80 (28,29). The lack of a con-

stant distance between RNA initiation sites and internal transcription control

regions for these diverse RNA polymerase III transcription units is intrigu-

ing. A 5' GGGTTCGAANCC 3' sequence, first noted by Fowlkes and Shenk when

comparing adenovirus VA genes with several eukaryotic and prokaryotic tRNA

genes, has an analogue in the Alu family repeat internal control region: 5'

GAGTTCAAGACC 3' (Fig. 8, lines a and d; ref. 27, also 11,12). This sequence

begins about 50 nt downstream from the 5' end of the mature tRNA species com-

pared by Fowlkes and Shenk (27), 61 nt downstream from the 5, end of VA I RNA

(27) and 76 nt downstream from the 5' end of Alu family transcripts (assuming
a start at -170). In the adenovirus VAI transcription unit, deletion of a 14
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-106 -79

I 6 9 8 10 7 8 9 9 10 9 9 10 10 8 10 7 6 10 8 10 9 9 8 6 8 9 9

a. C C T G A 6 G T C A G G A G T T C A A G A C C A G C C T

b. C Py T Pu A Pu G Py Py A Pu Pu A G Py T Py Pu A Pu A C C Pu Pu C Py T

10 9 9 9 10 9 8 10 10 10 10 10 10 10 9 10 10 10 10 10 10 9 9 8 8 8 IU 9

c. T C T - - - - - - - - G A G T T C A T G G C C A G C C T

+76 +87

d. G G G T T C G A A N C C

+61 +72

Figure 8. The Internal Regulatory Region for In Vitro transcription of
Alu family'Repeats: Comparison of the -106 to -79 region of the 8 transcribed
BLUR clones with the 2 genomic Alu repeats that are known to be transcribed in
vitro (pJP53 and pA36 , ref. 10). Line a shows the consensus sequence derived
from that comparison and the numbers above line a indicate the number of
sequences (out of 10) that have the specific nucleotide at a given position.
Line b is derived from the same comparison, but indicates purine (Pu) and
pyrimidine (Py) homology. The numbers below line b indicate the relatedness
derived in this manner. It should be noted that due to the method of con-
struction of the BLUR clones, they may have no exact counterparts in the hunan
genome (5). The arrow below residue -86 indicates the position of the 32 nt
insertion in the right member of the dimer (see text). A sequence from the
mouse repetitive element, Bla, is shown in line c (31). The 12 nt sequence
identified by Fowlkes and Shenk in the VA genes (27) is also noted, in line d.
The positive numbers below and above line d indicate locations downstream from
the 5' ends of the Alu transcripts (above) and the VA I transcript (below).

bp segment that includes the 12 nt conserved sequence not only abolishes tran-

scription of the VAI gene, but also abolishes the ability of that DNA to act

as a competitor DNA for VAI transcription (27). Thus, it is possible that

this 12 nt sequence defines a binding site for a protein required for tran-

scription of VAI genes, analogous to the Xenopus 5S RNA transcription factor

(33,34). The presence of homologous sequences in the adenovirus VAI gene,

tRNA genes and in Alu family repeats suggests that such a factor might be com-

mon to all three transcription units, although the variation in distance

between the 12 nt sequence and the 5, end of the gene in question may also

suggest a requirement for other factors that are more gene-specific.

Segall et al. have identified a factor(s) from mammalian extracts that

appears to be required for transcription of RNA polymerase III genes in vitro

(5S RNA, VA RNA and tRNA) (35). In addition, they have identified and par-

tially purified a mammalian 5S transcription factor(s) that is not required

for in vitro transcription of VA genes or of a Xenopus tRNAmet gene and a

factor(s) uniquel-y required for VA transcription (35). Current experiments

(S.A. Fuhrman, unpublished data) suggest that the mammalian 5S transcription
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factor is not involved in the transcription of Alu family repeats. Purifica-

tion and characterization of the factors involved in transcription of the

various types of RNA polymerase III genes will be important in understanding

the differences in their apparent internal control regions.

The dimer structure of the Alu family repeat suggests that there could be

two internal control regions; on the contrary, we observe an apparently single

run-off transcript from Sal I-digested BLUR 6 (which has nearly the entire

repeat) implying that only a single region is functional (Figure 6). More-

over, BLUR 7, BLUR 10, 5a8 and 5c8, which lack most of the left half, are

inactive. Inspection of Fig. 1B suggests an explanation: the right member of

the dimer is interrupted by a 32 base pair insertion at a position equivalent

to -86 in the left member of the dimer. Since the region associated with in

vitro transcription extends from -106 to -79, the insertion into its

equivalent in the right half may inactivate transcriptional initiation there.

An interesting point is that while the right half of the dimer is not required

for in vitro transcription, it actually shows a higher level of sequence con-

servation than the left half (5). This suggests that the right half is still

under some other strong, functional constraints.

The obvious difference in efficiency between Bst 8 and 4c8 suggests that

the region between -79 and -61 may also affect the level of transcription

(Fig. 5, Lanes 3 and 4). Both inserts start at -152 of the parental BLUR 8

sequence; although their orientation in the M13mp7 vector are opposite, the

sequence between -152 and -170 is the same because of the multilinker present
in the vector. This lessens the possibility of different efficiencies because

of divergent sequence around the initiation site. The essential equivalence

of BLUR 8 and subclone 8-1 argues that the region between -111 and -152 is

irrelevant to the level of transcription (at least in vitro). Bst 8 and 4c8

are exactly homologous between -111 and -79; however 4c8 has 18 nt more of Alu

family sequence downstream to -61. While we cannot completely eliminate the

possibility of effects of sequence further upstream than -170, these data sug-

gest some effect of the -79 to -61 region that is superimposed on the absolute

requirement for the -106 to -79 region. Inversion of the insert in Bst 8 or

in 4c8 would test this hypothesis.

Most of the BLUR clones that serve as in vitro RNA polymerase III tem-

plate lack Alu family sequence around -170 (Table 1, Fig. 2); therefore the

transcripts must initiate within vector sequence. Because of the different 5'

ends of Alu. family homologues and differing orientations in the vector, the

actual sequences around the 5' ends of the Alu family transcripts must vary.
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This results in different efficiencies of transcription, given completely

identical -106 to -79 regions (for example, compare 4c8 and 4d8; Fig. 4, lanes

4 and 5). In the extreme case, 8-2 DNA is totally inactive, while 8-3 DNA is

a good template: these two clones differ only in the orientation of their

identical -111 to +64 inserts. Also, the exact locations of the 5' ends of

the transcripts may vary (Figure 7), although the general rule is apparently

that transcription initiates around nucleotide -170 (this report, 11). It is

conceivable that natural sequences of transcribed Alu elements direct single,

rather than multiple, start sites. Comparable changes in the efficiency of in

vitro transcription and/or in the exact location of the initiation site(s)

have been observed for Xenopus 5S genes (28), adenovirus VA genes (27,30,36)

and tRNA genes (31,37,38). Accordingly, we believe that many change&-of tran-

scription efficiency which we observe with different 5' flanking sequence are

non-specific and not related to the question of a specific 5' flanking regula-

tory region, The 5' ends of Alu family in vitro transcripts appear to map at

or near the 5' end of the repeat (11,12, this report); the sequence data for

genomic Alu elements indicates that they share no homology in the 5' flanking

sequences (10). If the short direct repeats that flank Alu elements actually

were to define Alu sub-families (5,10), this would raise the possibility that

the 5' flanking region might have regulatory functions in vivo and/or in

vitro. Obviously, further examination of genomic Alu repeats is necessary to

answer this question.

The Alu family appears not to contain a signal for the termination of

transcription as all transcripts terminate in vector sequence (Figure 6); the

transcripts from the genomic Alu family clones, pJP53 and pA36, also terminate

in cellular sequence downstream from the 3' end of the repeat (11,12). Effi-

cient termination of transcription in Xenopus oocyte RNA polymerase III sys-

tems appears to require a cluster of four or more T residues surrounded by

GC-rich sequence (39). We have not mapped termination sites for the BLUR

transcripts; however, the abundance of termination sites (especially in the

Sal I direction, see Figure 6) implies that detailed mapping of such sites

would be useful in understanding the requirements for termination in a mam-

malian RNA polymerase III system. The absence of a termination signal in the

Alu family also suggests that in vivo transcripts from members of the repeat
are likely to extend a variable distance into adjacent single copy sequence.

Such a phenomenon could have interesting implications, both in terms of the

chromatin structure surrounding the Alu repeat element and in terms of expres-

sion (at least at the RNA level) of otherwise non-expressible sequences.
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