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Abstract�A 66-kD Alu-DNA-repeat binding protein was identified in human somatic cell nucleoplasm. Gel
shift assay, southwestern blotting, and affinity purification on DNA attached to a carrier were used. A 60-kD
protein copurified with the 66-kD protein during affinity purification, probably due to protein�protein in-
teractions. The gel shift assay reveals multiple complexes with exponential dependence of their relative mobility.
The short binding site of the 66-kD protein was defined with the help of synthetic oligonucleotides. It is
localized between the A and B boxes of RNA polymerase III promotor and is the same as that reported
for the Alu-binding protein from human spermatozoids. The same short binding site, the similarity of the
isolation procedure from germ and somatic cells, and similar binding properties and molecular masses suggest
homology of the two proteins. The relationship of the proteins we studied and the Alu-DNA-binding proteins
described in the literature is discussed.
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Short interspersed repeated DNA elements (SINEs)
are found in genomes of primates, rodents, and other
higher eukaryotes [1]. Alu repeats are the largest class
among these elements in the human genome. They are
about 300 bp long and comprise about 3-6% of the
haploid human genome. Alu repeats are flanked by direct
repeats, have a dimer-like structure, and contain RNA
polymerase III promoter which consists of A and B boxes
in the left monomer [2]. There is a 10-20 bp A-rich region
at the 3' end. These features characterize Alu repeats as
retroposons [3]. There are old and young subfamilies
among Alu family repeats [4]. The concept that
retroposons constitute �selfish DNA� begins to seem
more and more impossible, and this drives an active
search for the function of SINEs. Some hypotheses about
the possible functions of Alu repeats in a cell are based
on indirect experimental support as listed below.

1. Alu repeats are mobile regulators of transcrip-
tion which are able to switch on or off certain genes
[5-7].

2. The sequence between the A and B boxes in Alu
reveals homology with the origins of DNA replication
of some viruses [8]. It has been suggested that Alu
repeats can be additional origins of DNA replication
(subori) and lead the replication fork [9].

3. It has been shown that R bands in chromosomes
where actively transcribing genes are situated are en-
riched with Alu repeats [10]. The mechanisms of origin
and maintenance of structure of active chromatin in
the nucleus are unknown. It is possible that Alu re-
peats may take part in it.

4. Alu repeats are actively transcribed by RNA
polymerase III in vitro while being transcriptionally
inactive in vivo [11]. The mechanisms of this inac-
tivation are still not known. There is a scarce
amount of Alu-RNA in human cells [12]. It was
suggested that they are transcribed from a small Alu
subfamily by RNA polymerase III. So, special
mechanisms of transcription regulation must exist
in cells providing selection of this subfamily from
inactive Alu family repeats. It is possible that this
selected transcription is directed by sequences of
DNA around Alu repeats rather than their own
features [13]. Transcripts from Alu repeats form
stable Alu�RNP particles. Its functions remain
unknown. It was suggested that they take part in
regulation of protein translation [12].

Specific DNA-binding proteins are necessary for
performance of any function of the Alu repeats men-
tioned above. So, identification and characterization of
Alu-binding proteins may help to understand the func-
tional role of Alu repeats in a cell.
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The existence of Alu-repeat-binding proteins
was proved a long time ago. Such proteins have
been found in different cells by different research
groups. In HeLa cells, two proteins of approxi-
mately 80 and 40 kD were described by Perelygina
et  al .  [14] .  An 80-kD protein was found by
Chesnokov et al. [15] using southwestern blotting.
Proteins of 120 and 35 kD from HeLa cells were
described by Chiang and Vishwanatha [16]. A 60-kD
protein from human sperm was reported [17]. It
was shown that these proteins bind either the DNA
sequence between the A and B boxes [18-21] or the
B box and site downstream from it [22, 23] (see
Fig. 4). But the characterization of all of these pro-
teins is not exhaustive, and the relations between
the proteins reported by different groups are not
known.

In this study we revealed and defined the recogni-
tion site of the 66-kD Alu-binding protein from nu-
cleoplasm of human somatic cells. The coincidence
of binding sites and similarity of molecular masses and
binding characteristics suggest that the revealed pro-
tein is homologous to the 60-kD protein from human
spermatozoids [17].

MATERIALS AND METHODS

Isolation of nuclei and nuclear extract. Nuclei from
a placenta or a human embryonal liver were isolated
according to methods described [24]. All solutions also
contained 1 mM phenylmethylsulfonyl fluoride (PMSF).
Nuclear extract was obtained by addition of an equal
volume of buffer containing 10 mM Tris-HCl, pH 8.0,
0.1 mM MgCl2, 0.2 mM PMSF, 0.5 mM dithiothreitol
(DTT), 5% glycerol, and 0.35 M NaCl. After incuba-
tion for 1 h at 4°C the solution was centrifuged at
5000g for 10 min and the supernatant was used for
subsequent work.

DNA, plasmids, and oligonucleotides. Plasmid
pAL was prepared by recloning the Alu fragment
from plasmid Blur8 [25] into plasmid pUC19 [14].
Ultrasonicated E. coli genome DNA or linearized
pUC19 were used as nonspecific competitor in the
gel mobility shift assay (GMSA). The plasmid was
purified according to a conventional method and ad-
ditionally purified in a CsCl gradient [26]. Comple-
mentary oligonucleotides 5'-GATCTGTAATCCCA-3' and
5'-GATCTGGGATTACA-3' were synthesized by
SibEnzim (Novosibirsk, Russia). They were annealed
in equimolar amount at 60°C for 1 h and incubated
with nonlabeled or labeled dNTP and Klenow�s frag-
ment of DNA polymerase I from E. coli and pu-
rified by electrophoresis in 6% polyacrylamide gel
[26]. The 270-bp length Alu fragment was excised
from plasmid pAL using BamH I, labeled with

[α-32P]dATP using a Klenow�s fragment, and puri-
fied by electrophoresis in 0.5% agarose gel [26].
Subfragments of the Alu fragment were obtained
by digestion of the labeled Alu with Hae III and
separated by electrophoresis in 6% polyacrylamide
gel [26].

Ion-exchange chromatography on DEAE-
Sepharose. A column of DEAE-Sepharose (30 × 1.5 cm)
was equilibrated with buffer containing 15 mM Tris-
HCl, pH 8.0, 0.1 mM EDTA, 0.5 mM DTT, 0.1 mM
PMSF, 5% glycerol, and 50 mM NaCl. Before ap-
plication onto the column, 7 ml of nuclear extract
(protein concentration 15 mg/ml) was diluted seven-
fold with the equilibrating buffer. Proteins were eluted
with 40 ml of a 0.05-1 M linear gradient of NaCl
in the same buffer. All procedures were carried out
at room temperature. Fractions of 1 ml were col-
lected and stored at �20°C.

Gel mobility shift assay. Specific DNA-binding
activity was revealed by the gel mobility shift assay
(GMSA) [27]. The incubation mixture (20-70 µl) usu-
ally contained 5 ng of labeled Alu fragment or 0.5 ng
of labeled oligonucleotide, 2-50 µl (0.1-10 µg protein)
of DEAE fraction or affinity purified proteins and 0.1-
7.0 µg of competitive DNA in retardation buffer con-
taining 10 mM Tris-HCl, pH 8.0, 1 mM EDTA, 1 mM
DTT, and 5% glycerol. The mixture was incubated for
30 min at room temperature. Electrophoresis (40 mA,
3 h) was performed in 3.5% polyacrylamide gels in 0.5×
TAE buffer (40 mM Tris-acetate, 2 mM EDTA) [26].
Gels were dried and exposed to Kodak XAR-5 films
(USA).

Southwestern blotting. Proteins were resolved in a
7.5% gel by SDS-PAGE [28] and electrotransferred onto
a nitrocellulose membrane [29]. Membrane filters were
incubated in TBS buffer (15 mM Tris-HCl, pH 7.5,
150 mM NaCl) containing 0.5% dry milk overnight at
4°C. Then these filters were incubated in the retarda-
tion buffer with labeled Alu fragment (30 ng/ml). The
mixture contained also 0.1% bovine serum albumin and
nonspecific competitor DNA with concentration up to
12 µg/ml. Following three 5-min washings using the
same buffer without DNA, the filters were exposed to
Kodak XAR-5 films.

Affinity chromatography. Plasmid pAL was treated
with EcoR I and Hind III. The Alu fragment obtained
was purified by electrophoresis in a 0.5% agarose gel.
The fragment (20 µg) was attached to cellulose (200 µl)
using 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide
hydrochloride as described [30]. DEAE fraction con-
taining Alu-binding activity was incubated with immo-
bilized DNA in an Eppendorf tube for 30 min at room
temperature. The incubation mixture (300 µl) contained
150 µl of DEAE fraction and excess nonspecific com-
petitor DNA in the retardation buffer. Following four
5-min washings using 10 volumes of the retardation
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buffer, the bound proteins were eluted with 1 M NaCl
in the same buffer (200 µl) and analyzed by GMSA
and SDS-PAGE [28].

RESULTS

Proteins with specificity in binding to Alu repeats
were partially purified from nuclear extract of placenta
cells according to procedure described in [14] except
that proteins were eluted from DEAE column by a linear
gradient of NaCl. The gel mobility shift assay (GMSA)
was used to test the resulting fractions for Alu-binding
activity. The peak of activity came eluted at about 0.25 M
NaCl in 3 ml. Fractions with maximal activity were
pooled together and used in the following work.

Figure 1a shows the result of the GMSA applied
to active fractions. The intensity of the faster DNA�
protein complexes decreased as the intensity of slower
ones increased up to some amount of nonspecific
competitive DNA (Fig. 1a, lanes 2-6). The relative
mobility of the complexes has exponential depend-
ence, i.e., the difference in the mass of the complexes

is the same. This could be due to protein
multimerization during formation of complexes. The
protein in complexes may be a heterodimer but dif-
ferent complexes are not a result of the binding of
different proteins.

The same procedure of ion-exchange chromatogra-
phy of Alu-binding proteins was applied to the nucleo-
plasm of human embryonal liver cells. Very close simi-
larity of Alu�protein complexes and their mobility in
the GMSA test in comparison with placenta cell nu-
cleoplasm was observed (data not shown).

Affinity chromatography was used for further
purification of Alu-binding proteins. DEAE active
fraction was incubated with Alu fragments immobi-
lized to the cellulose in the presence of different
amounts of nonspecific competitive DNA. Proteins
eluted from the column were tested by the GMSA (Fig.
1b). The concentration of NaCl in the incubation
mixture did not exceed 0.25 M. It was adjusted by
dilution of the eluate. The same volume of eluates
obtained after chromatography in the presence of
increasing amounts of competitive DNA is loaded on
different lines. All fractions eluted from the column

Fig. 1. Gel mobility shift assay (GMSA) of Alu fragment with DEAE-fraction (a) and affinity purified proteins (b). a) F, free
fragment; 1-8) 10 µl protein (approximately 10 µg total protein) added in the presence of 50-, 75-, 100-, 150-, 300-, 450-, 1500-, and
7000-fold excess of the competitive DNA, respectively (the triangle below shows the increase of competitor). b: 1) conditions as
in (a), lane 4; 2-4) mixture contains proteins obtained from different affinity columns in the presence of increasing amount of
competitive DNA (200-, 500-, and 1000-fold excess of the competitive DNA during chromatography, respectively). The competitive
DNA is absent from the retardation mixture. Arrows at the left and at the right mark the DNA�protein complexes.
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have Alu-binding activity which decreased insignifi-
cantly while amounts of competitor were increased
(Fig. 1b, lanes 2-4). The complexes formed have the
same appearance as in the case of the DEAE fraction
(Fig. 1, a and b).

The eluted proteins were precipitated with acetone
and analyzed by SDS-PAGE (Fig. 2a). The order of
the sample loading is the same on Figs. 1b and 2a.
There are two proteins with molecular masses of about
66 and 60 kD on lanes with eluted proteins loaded.
Decreasing amounts of these proteins coincided with
decreasing Alu-binding activity on corresponding lanes
in the GMSA test (Fig. 1b). The presence of plasmid
pAL as competitor during chromatography caused the
absence of Alu-binding activity in the eluate (data not
shown) and the absence of the 66- and 60-kD bands
on SDS-PAGE (Fig. 2a, lane 5).

The southwestern blot was used to determine
which protein is the DNA-binding one. The result of
the proteins of DEAE fraction binding to Alu re-
peats in the presence of increasing amounts of non-
specific competitive DNA is shown on Fig. 2b. This
method revealed a 66-kD protein which binds Alu
repeats in the presence of 400-fold excess of E. coli
DNA. The 60-kD protein was not detected by this
method. This could be due to the small amount of
the protein in the DEAE fraction, but more likely
this protein is bound to Alu repeats by protein�
protein interactions. The southwestern blot revealed
the same 66-kD protein in the nuclear extract (data
not shown).

Chesnokov and Schmid [17] described a 60-kD
Alu-binding protein found in human sperm. A small
amount of a 50-kD protein is also reported in their

Fig. 2. SDS-PAGE of the affinity purified proteins (a) and southwestern blot with the labeled Alu fragment (b). a) M, molecular
mass markers as indicated on the left (in kD); 1) 5 µl of DEAE fraction; 2-4) proteins bound to Alu DNA during affinity
chromatography in the presence of 200-, 500-, and 1000-fold excess of competitive DNA, respectively. Lanes 2-4 correspond to
lanes 2-4 on Fig. 1b; 5) affinity chromatography was done in the presence of 100-fold excess of plasmid pAL. Silver staining.
b) Each lane was loaded with 15 µl of DEAE fraction. The incubation mixture for southwestern blotting contained labeled Alu
fragment and 0- (1), 10- (2), 60- (3), 200- (4), and 400-fold (5) excess of E. coli DNA.
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article. These proteins were revealed using affin-
ity purification on double-strand oligomers of oli-
gonucleotide 5'-GATCTGTAATCCCA-3', which is
a part of the Alu repeat and is located between
the A and B boxes of RNA polymerase III pro-
moter. We suggested that our proteins and the
proteins described in [17] are homologous. Anti-
bodies to 60-kD Alu-binding protein were not re-
ported in paper [17], so the possibility remained to
compare the binding sites. Complementary oligo-
nucleotides 5'-GATCTGTAATCCCA-3' and 5'-
GATCTGGGATTACA-3' were synthesized. These
oligonucleotides were annealed, labeled, and used in
GMSA. It appear to form a specific complex with
proteins of the DEAE fraction (Fig. 3a).

Alu were cleaved with Hae III in order to prove
that the proteins bind the same sequence in Alu re-
peats of clone Blur8, which is the essential probe of
the current work. The restriction sites in Alu repeats
of clone Blur8 are shown in Fig. 4 (sequence iden-
tical to the synthetic oligonucleotide except two last
nucleotides is underlined and bolded). Figure 4 show
sequences of Alu repeats of clone Blur8 and consen-
sus sequences of PV and major subfamilies. The se-

quence of clone Blur8 does not have the A box and
its first 10 nucleotides are complementary to the
oligonucleotide, so the Alu repeat of this clone was
very suitable in this case. The left and right Hae III
subfragments of Alu were applied to GMSA (Fig. 3,
b and c). The proteins form complexes with both.
The complexes are stable and do not disappear in
the presence of a large amount of nonspecific com-
petitive E. coli DNA. Addition of 50-fold molar
excess of the nonlabeled oligonucleotide completely
remove the complexes both in the case of labeled
oligonucleotide and left Hae III Alu subfragment
(lane 5 in Fig. 3, a and b). The retardation pattern
of the left small Alu subfragment is identical to the
one of the synthetic oligonucleotide because of size
and nucleotide sequence similarity. The right big Alu
subfragment also formed complexes according to
previously published data [20]. This could be due to
the right subfragment sequence homology to the syn-
thetic oligonucleotide except in the third position
(Fig. 4).

So, the 66-kD Alu-binding protein from somatic
human cells is probably a homolog of the 60-kD pro-
tein from human sperm [17].

Fig. 3. GMSA of DEAE active fraction proteins with synthetic oligonucleotide (a) and left (b) and right (c) Hae III Alu fragment
subfragments. F, free labeled DNA. a) Mixtures with labeled oligonucleotide were incubated with 5 µl of the protein fraction
in the presence of 0 (1), 60 (2), 200 (3), and 400 ng of plasmid pUC19 (4) and in the presence of 60 ng pUC19 and 50-fold
excess of cold oligonucleotide (5); b) 1 ng of the labeled left Hae III Alu subfragment was incubated with 5 µl of DEAE fraction
in the presence of 0 (1), 60 (2), 200 (3), and 400 ng of plasmid pUC19 (4) and in the presence of 60 ng pUC19 and 50-fold
excess of cold oligonucleotide (5); c) 1 ng of the labeled right Hae III Alu subfragment was incubated with 5 µl of DEAE fraction
in the presence of 0 (1), 60 (2), 200 (3), 400 (4), and 600 ng of plasmid pUC19 (5).
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DISCUSSION

About two dozen articles devoted to Alu-bind-
ing proteins have been published to date. The re-
ported results differ and sometimes contradict each
other. The problem of determining the Alu-binding
proteins characteristics is far of being solved. The
Alu repeats are likely to be a collection of different
binding sites beginning from the site for RNA
polymerase III. So, a number of proteins could bind
Alu repeats specifically despite the limited size of
the sequence.

The 66-kD protein from nucleoplasm of placenta
cells revealed in the present work specifically binds
DNA of human Alu repeats. The affinity purifica-
tion results show that the Alu repeats are also bound
by the 60-kD protein. This binding is likely to be
caused by protein�protein interactions. It was shown
that the binding site of the 66-kD protein is situated
between the A and B boxes and coincided with the
site of Alu-binding protein from human sperm [17].
The authors of this article described a 60-kD Alu-
binding protein which is specific for spermatozoid
and is not revealed in the nuclear extract of HeLa

      10   A-box       30      40      50       60

ggatccggcc gggcgcggtg gctcacgcct gtaatcccag cactttggga ggccgaggcg     PV

   ggcc gggcgcggtg gctcacgcct gtaatcccag cactttggga ggccgaggcg     Major

                   t gtaatccgag cactttggga ggccaaggag     Alu Blur8

                                  ↑↑↑↑↑
                                 Hae III

      70       80    B-box       100     110     120

ggcggatcac --gaggtcag ga gatcgaga cc atcccggc taaaacggtg aaaccccgtc   PV

ggcggatcac ctgaggtcag ga gttcgaga cc agcctggc caacatggtg aaaccccgtc   Major

ggcagatcac ctgaagtcag ga gtttgaga cc agcctggc caacatggtg aaactccatc   Alu Blur8

                           ↑↑↑↑↑
                         Hae III

      130      140      150      160     170     180

tctact aa-a aatacaaaaa a ttagccggg cgtagtggcg ggcgcctgta gtcccagcta   PV

tctact aaaa aatacaaa-a a ttagccggg cgtggtggcg catgcctgta atcccagcta   Major

tctact ga-a aatacaaa-a a ttagccagg catggtgatg cgtgcctgga atcccagcta   Alu Blur8

       poly A

    190       200       210       220       230       240

ctt--gaggc tgaggcagga gaatggcgtg aacccgggag gcggagcttg cagtgagccg     PV

ctcgggaggc tgaggcagga gaatcgcttg aacccgggag gcggagcttg cagtgagccg     Major

cttaggaggc tgagacagaa gaatccctta aaccaa-gag gtggaggttg cagtgagccg     Alu Blur8

      250       260       270       280       290       300

agatcccgcc actgcactcc agcctgggcg acagagcgag actccgtctc aaaaaaaaaa     PV

agatcgtgcc actgcactcc agcctgggcg acagagcgag actccgtctc aaaaaaaaaa     Major

agatcgcacg gctgcactcc agcctgg-tg acagagcgag actccatctc aaaaaaaa      Alu Blur8

      310       320       330

aaaaaaaaaa actgccctgc tcttttttcg gatcc                     PV

aaaaaaaaaa aaaaaaaaga aaga------- -----                     Major

---------- ---------- ---------- -----                     Alu Blur8

Fig. 4. Alignment of the Alu-repeat sequence from the clone Blur8 (accession number J00091) and consensus sequences of the
PV (HS) family (accession number U02043) and major family of Alu repeats [29]. The binding site of the 66-kD protein from
the current paper and the Alu-binding protein from spermatozoids [17] is underlined and bolded. The binding site for the T-antigen
and the proteins described in [16, 18, 20] are printed in italic. Arrows mark the sites of cleavage by restrictase Hae III. Open
frames show the A and B boxes of the RNA polymerase III combined promotor. Shaded frames show the A-rich islets which
separate the left and right monomers of the Alu repeat.
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cells. The two proteins of 66 and 60 kD revealed by
affinity purification in the current work are likely to
correspond to the two proteins with molecular masses
of 60 and 50 kD which were revealed in
spermatozoids by analogous affinity purification on
oligonucleotides [17]. The 60-kD protein from somatic
human tissues has no Alu-binding activity on south-
western blotting, unlike the 60-kD protein from
spermatozoid [17]. According to the binding site
revealed, it is most likely that the 66-kD protein from
human somatic cells is homologous to the 60-kD
protein from spermatozoids. Experimental data ob-
tained and published are not enough to prove the
identity of the two proteins, but similarity in isola-
tion procedure and similarity of binding sites and
character of DNA�protein complex formation sug-
gest homology of the proteins. Interestingly, the
protein revealed in somatic cells is not tissue specific
and could be found in nuclear extract of human
embryonal liver and HeLa cells. The question about
homology or identity of Alu-binding proteins from
somatic and germ cells could be solved with the help
of antibodies.

A mechanism of transcriptional inhibition of Alu
repeats has been proposed [22]; two proteins were found
in nuclear extract of HeLa cells using GMSA on
oligonucleotides. The proteins specifically bound the B
box and a site just downstream from it. It was shown
that the protein which binds the B box differs from
TFIIIC and was not detected before. These proteins
repress Alu repeat transcription as a result of binding.
The molecular masses of these proteins were not de-
fined. The proteins described in the current work were
not tested especially in binding to these sites of the Alu
repeats. However, it is to be noted that the proteins
observed have high specificity to the oligonucleotide
located between the A and B boxes, but sequences of
the B box and the element located downstream from
it differ in nucleotide composition (Fig. 4). Destruction
of the correspond binding site by restrictase Hae III
(Fig. 4, position 99) does not lead to disappearance of
the DNA�protein complexes (Fig. 3, b and c).

Another potential binding site in Alu repeats is
a conservative element of binding for large T antigen
(GAGGCNGAGGC) located between the A and B
boxes of Alu repeats [18]. Chesnokov et al. [15] found
a protein which specifically binds the sequence
AGGNNNAGG and AGG triplets with six
nucleotides spacing between it using DNase I
footprinting and GMSA with oligonucleotides.
Southwestern blotting shows that it is a protein with
molecular mass of 80 kD. Both the binding site and
molecular mass of this protein differ from the pro-
tein described in the current paper.

Chiang and Vishwanatha found a 35-kD protein in
nuclear extract of HeLa cells using labeled oligo-

nucleotides which contained a large T antigen-bind-
ing site in southwestern blot analysis [16]. In the
current work we destroyed the corresponding site
GAGGCCAAGGAGGG in the Alu repeat of clone
Blur8 (Fig. 4, positions 48-63) by restrictase Hae III
(GGCC is the site of restriction). Nevertheless, the
formation stable DNA�protein complexes with the left
Alu subfragment in GMSA was observed (Fig. 3b).

The results of GMSA analysis suggest that the
proteins revealed are probably heterodimer formed
multimeric complexes with Alu repeats. The tendency
to polymerization under conditions close to physiologi-
cal may indicate that these proteins are components of
some special cell structure. We hope to prove this with
antibodies raised against these proteins.

The authors thank I. B. Lobov, N. I. Enukashvili,
A. G. Urusov, and other members of our laboratory
for the discussion of the results. This work was sup-
ported by grant from US DOE Human Genome Project
and the program �Integration� from the Russian
Government.
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