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ABSTRACT

We have previously shown that autonomous replication
of human chromosome fragments is stimulated by the
presence of an 18 bp sequence, REE1, which exhibits
transcriptional silencer activity. The REE1 sequence is
partly homologous with the serum response element
(SRE) required for expression of the human c-
Here we have examined interaction of REE1 with
human nuclear proteins using a gel retardation assay.
One of the REE1-protein complexes formed showed
almost the same mobility as the SRE—protein complex
and complex formation was competitively inhibited by
the SRE fragment. The protein complex with REE1 as
well as that with SRE was found to contain the
transcription factor YY1, known to bind to the SRE.
These results suggest that YY1 protein may participate
in stimulation of replication through its interaction with
REEL.

INTRODUCTION

fos gene.

In addition, element B3 is the binding site for ARS binding factor
1 (ABF1), which is known to be a transcription factor participating
in regulation of expression of many yeast gerdesq). These
findings suggest that certain transcription factors contribute to the
initiation of yeast chromosome replication.

Structures of replication origins in higher eukaryotic chromo-
somes have not been well elucidated. Physical mapping of
initiation sites of replication has revealed that they are restricted
to regions in the range 0.5-55 kB).(Among a number of
replication origins identified in higher eukaryotic chromosomes,
there are only two origins whose origin functions have been
shown to require specific chromosomal regions. The human
[-globin origin has been mapped within a 2 kb region upstream
of the gene and deletion of the region eliminates the origin activity
(10). In addition, replication from th@-globin origin requires
another regiorib0 kb from the origin, called the locus control
region (LCR), involved in regulation of expression of globin
genes {1). The replication origin for amplification of the
Drosophilachorion gene cluster has been located within a 3 kb
region in the gene cluster, with an upstream region required for
efficient replication of the chorion genes2). These findings
suggest that multiple regions are required for initiation of

Initiation of replication of eukaryotic chromosomes occurs fronteplication and that sequence elements required for regulation of
specific regions through the actions of protein factors that recognittranscription might participate in replication.

unique sequences. In the budding y&astcharomyces cerevisiae  Short chromosome fragments capable of autonomous replication
(1100 bp chromosomal fragments can replicate autonomously bave not yet been isolated from mammalian chromosomes.
plasmids (autonomously replicating sequence, ARZ).(All Randomly cloned human chromosome fragmentdlofkb are

the ARS fragments contain a match to an 11 bp sequence, caltegbable of autonomous replication to a significant exieht4).

the ARS consensus sequence (ACS), that is essential for AB$ using BrdU labeling of cells shortly after transfection with
function @). Detailed analysis @frs1, which has been proven to plasmid DNA, we have shown that particular fragments of human
be a chromosomal replication origin, has shown that ARShromosomes display several fold higher efficiencies of replication
function requires element A containing the ACS, together witthan othersi5). One such fragment, W1-1, contains a unique 18 bp
two out of the B1l, B2 and B3 element§).(Element A is sequence, the replication-enhancing element REEBE}L The
recognized by a protein complex consisting of six protdiorsts REEL element exhibits another activity to repress transcription
called the origin recognition complex (ORG).(At least some of from the SV40 early promoter when inserted at a site 2.7 kb
the ORC components have been shown to be involved upstream of the promoter. Base substitutions at various positions
transcriptional silencing at the mating type controlling lo&)s ( within REE1 impair both the replication-enhancing activity and
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the transcription silencing activity. REE1 has partial homologyuffer containing 100 mM Tris, 192 mM glycine, and 20%
with the serum response element (SRE) required for activation wfethanol, pH 8.3, with a semi-dry transfer apparatus. The
expression of the humarfasgene (6). Since the SRE is known membranes were soaked in blocking solution containing 20 mM
to bind to cellular transcription factors such as serum respon$es—HCI, pH 7.4, and 10% skimmed milk (Difco) for 30 min and
factor (SRF) and YY1, we considered the possibility that REEhcubated with anti-YY1 antibodyl8) in PBS supplemented
may act as a binding site for protein factors that affeatith 0.05% Tween 20 (TPBS) for 1 h at room temperature. After
transcription and replication of human chromosome fragmentsvashing with TPBS three times they were incubated with 1:5000
In this study we show that REE1 interacts with at least twdiluted peroxidase-conjugated anti-rabbit goat IgG (BioRad) in
distinct protein factors present in human nuclear extracts, off@BS for 1 h. Unbound antibody was washed out with TPBS
being transcription factor YY1. The results suggest involvemerthree times and signals were visualized with ECL detection
of YY1 in stimulation of autonomous replication and repressiomeagent as recommended by the manufacturer (Amersham).
of transcription.

Gel mobility shift assay

MATERIALS AND METHODS Oligonucleotides were annealed and labeled WARJFICTP by
Cell culture the large fragment (Klenow fragment)Edcherichia colDNA

] . ) o polymerase |. Free nucleotides were removed by a spin column
The cell line 293S is a suspension-adapted derivative of a humé{”Sephadex G-50. Labeled probe DNA (0.3 ng, 50 000 c.p.m.)
embryonic kidney cell line (293) transformed by adenovirus typgas incubated with 1fig nuclear extract for 1 h on ice in a
5 (17). For the present study the cells were cultured aC inder binding mixture (1Qul) containing 10 mM Tris—HCI, pH 7.4, 5%
5% CQ in DMEM supplemented with 10% fetal bovine serum.glycerol, 1 mM EDTA, 1 mM DTT and g poly(di-dC). Where

indicated, non-radioactive competitor DNA was added to the

Oligonucleotides binding reactions simultaneously with the labeled probe. The

DNA—protein complexes formed were separated by electrophoresis

The oligonucleotides' used for the gel retardation assays gfegoy, polyacrylamide gels at 20 V/cm &@Hn circulating TAE
shown below: SREF/AGCCACAGGATGTCCATATTAGG-  pffer (6.75 mM Tris—HCI, pH 7.9, 3.3 mM sodium acetate,

ACATCTGCGTC-3, SRER, SGCTGACGCAGATGTCCTA- pH 7.9, and 1 mM EDTA). Dried gels were placed in contact with
ATATGGACATCCTGTG-3; mSREF, SAGCCACAGGATG- imaging plates for 1 h and the stored images analyzed with an
TGGATATTACCACATCTGCGTC-3, mSRER, 5GCTGAC-  |mage Analyzer Bas1000Mac (Fuiji Film, Tokyo, Japan).
GCAGATGTGGTAATATCCACATCCTGTG-3 RE2F, 5GGC-
CATGTCGACCATGTTGCTGTCCATGGTCCTAAGATCG-3 RESULTS
RE2R, 5ACCCGATCTTAGGACCATGGACAGCAACATG-

GTCGACATG-3; RX2F, 3-GGCCATGTCGACCATGTTC-  Human nuclear proteins that interact with REE1
TCGAGCATGGTCCTAAGATCG-3 RX2R, B-GCCCGATC-

TTAGGACCATGCTCGAGAACATGGTCGACATG-3 SX1F, A gel retardation assay was employed to examine the interaction
5'-CGAAACACTCGAGGCTGTCCTCGAGCCTAAATAA-3 of REE1 with human nuclear protein®P-Labeled human
SX1R, B-ACGTTATTTAGGCTCGAGGACAGCCTCGAGTG- fragment W1 containing the REEL element (from position 923 to
TT-3'. Other oligonucleotides have been described previal@ly (953 of the W1-1 fragment; Fid,; 16) was incubated with a
nuclear extract of human 293S cells and subjected to PAGE. As
shown in Figur®, several discrete bands migrating much slower
than the free probe DNA were detected (complexes R-I, R-Il,
Human 293S cells grown in spinner flasks were collected biR-1ll and R-1V in Fig.2, lane 1). None of these bands or smears
centrifugation at 1200 r.p.m. for 5 min in a Beckman JS-3.0 rotovere observed with incubation of the free probe without the
and rinsed with phosphate-buffered saline (PBS) and then withuclear extract (data not shown). Addition of the non-radioactive
hypo-buffer [20 mM HEPES, pH 7.7 atZ5, 5 mM KCI, 1.5 mM W1 fragment as a competitor in 25- or 125-fold excess to the
MgClo, 1 mM dithiothreitol (DTT), 0.1 mM phenylmethylsulfonyl radioactive probe completely inhibited formation of the R-l and
fluoride (PMSF), 20ug/ml leupeptin]. Cells suspended in anR-Il complexes and reduced the amount of R-IV complex &Fig.
equal volume of hypo-buffer were homogenized with a Dounckanes 2—-4). In contrast, formation of the R-Ill complex was not
homogenizer using a B pestle and incubated for 30 min on icaffected by addition of non-labeled W1 fragment. These results
The nuclei were pelleted by centrifugation and suspended in anggest that formation of the R-l, R-Il and R-IV complexes is
equal volume of nuclear extraction buffer containing 25 mMlependent on the sequence of the W1 fragment.

Tris—HCI, pH 7.5, 0.5 M NaCl, 1 mM EDTA, 10 mM sodium To delimitthe regions involved in formation of the R-I, R-Il and
bisulfate, pH 7.2, 1 mM DTT, 0.1 mM PMSF andug/ml  R-IV complexes base substitutions were introduced into the
leupeptin and stirred for 30 min. Suspensions were centrifugedeampetitor W1 fragment. Fragments X1 and X2 contained base
32 000 r.p.m. at4C for 1 h in a Beckman type 50Ti rotor and substitutions from positions 940 to 944 and from 933 to 938
supernatants 7.5 mg protein/ml) were frozen in liquid nitrogen respectively and fragment SX carried a pair of substitutions from

Preparation of nuclear extracts

and stored at —8C. position 928 to 932 and 940 to 944 (HiB). All these substitutions
have been shown to abolish the replication-enhancing activity and
Immunoblotting transcriptional silencer activity of REE1LG). Addition of

fragment X1 to the reaction mixture inhibited formation of the R-I
After polyacrylamide gel electrophoresis proteins were transferreghd R-11 complexes, but it did not affect R-IV complex formation
to PVDF membranes (Millipore) at 100 mA for 90 min in blotting(Fig. 2, lanes 5-7). In contrast, addition of fragment X2 greatly
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T ’ Figure 2. Interactions of REE1 with human nuclear proteins. 32Relabeled
W1 fragment was incubated with the 293S nuclear extract for 1 h onice and the
protein-DNA complexes separated by polyacrylamide gel electrophoresis.

C Recognized by Recognized Positions of complexes R-I, R-Il, R-lll and R-IV formed with the wild-type
unknown factor by YY1 REEL1 probe are indicated by arrowheads. Non-radioactive competitor DNA
R-1 (R-11) B-IV was added at 5, 25 and 125 times more than the labeled probe, as shown at the
— top of the panel. (-) indicates reaction without a competitor fragment.

cgaaacacatgtﬁfGéTG'I‘MET;GGTCCTAAataa
ttgtgtacaACGACAGGEACCAGGATTtattgct

832 REE1 gdo with the X2 probe (data not shown). Thus the region from position
928 to 938 appears to be required for formation of the R-1 and R-II
i 1 Nucleotid f REEL and the SR Nudleotid complexes, while that from position 940 to 944 is necessary for R-IV
igure 1. Nucleotde sequences O an e . Nucleotiae : :
sequences of REE1 and the SRE are presented. The numbers above tﬁce)mplex formationkig. 1C).
sequence indicate the positions in the human autonomously replicating

fragment W1-1 (16) or in the upstream region of the motisegene (36). The |nteraction of REE1 and SRE with a common protein factor
nucleotides homologous between REE1 and the SRE are shown by vertical

lines. Shadowed bases show the core sequence for binding of YY1 protein. Th§ince REEL1 is partly homologous with the SRE upstream of the

filled and open triangles below the SRE sequence show bases protected frop ; ;
methylation by binding of YY1 and SRF respectively (38).The nucleotide Efos gene (FIg.lA), we tested whether proteins capable of

sequences of oligonucleotides used for the gel retardation assay are shown. Thénd'”g .tO RI_EE]' could 'meraCt_Wlth the SRE. By adcjmon _Of a
sequences corresponding to REEL and the SRE are shown within thin lineBON-radioactive SRE fragment in excess to the reaction mixture
squares. The lower case letters in the shaded regions are bases changedcontaining the labeled REE1 probe (fragment W2; ERBj)

mutant oligonucleotidesCj Regions of REE1 possibly involved in interactions - formation of R-IV was reduced, while that of R-1 or R-Il was not
with protein factors as discussed below are indicated. The shaded regio

indicate the CCAT motif conserved for YY1 recognition. The asterisks showrglgmﬁcantly affected (Fig3, lane 4).' In contrast, addition of a.

bases different from those of the SRE. Bases altered by linker substitutions af®utant SRE fragment (MSRE) with base changes at putative

indicated by thin bars above the sequence and the regions that affect formatiddinding sites for transcription factor YY1 and SRF (EB) did

of complexes R-I (or R-I) and R-IV are shown by shaded bars. not affect complex formation (Fig, lane 5). These results
suggest that a protein(s) participating in formation of the R-IV
complex interacts with the SRE.

To identify the SRE—protein complex that shares sequence
reduced the amount of the R-IV, but not of the R-I nor the R-Kpecificity with the R-IV complex, #P-labeled SRE probe was
complex (Fig2, lanes 11-13). These results showed that proteitiscubated with nuclear extract. Among several bands shifted
involved in formation of the R-IV complex are unable to interacfrom the free probe a major band (complex S-I) had a mobility
with fragment X1, while those participating in formation of thealmost the same as that of the R-IV complex &itane 6). The
R-1 or R-1l complex do not interact with X2. Fragment SX did notS-I complex was not formed with the mSRE probe @itane 7),
affect formation of any complexes (F&).lanes 8-10), suggesting indicating a requirement for the SRE sequence. Consistent with
that base changes from position 928 to 932 impaired formation thfese results, S-I complex formation was competed out by addition
the R-I and R-Il complexes. The results were confirmed bgf hon-radioactive SRE but not the mSRE fragment &-lgnes 10
experiments in whicR2P-labeled mutant probes were incubatedcand 11). By addition of fragment W2 as a competitor to the
with the nuclear extract. The R-l1 and R-1l complexes were formegaction mixture containing the labeled SRE probe, formation of
in the presence of the labeled X1 probe, while R-1V was formetthe S-I complex was specifically inhibited (F&lane 8). On the




Nucleic Acids Research, 1998, Vol. 26, No. 12395

o Therefore, the protein factor interacting with REE1 and SRE in
probe wa S ERE —» common was concluded to be YY1.
competitor - w2 GEISRE _ \ypSXgHDSRE Because the reduction in R-IV and S-I complexes was not
P N P accompanied by the appearance of a supershift band containing
the anti-YY1 antibody, we performed an experiment to confirm
F!H—-Ill .- the existence of YY1 in the R-IV complex. The non-labeled

- fragment was incubated with the extract and the products
- separated by gel electrophoresis. Then the proteins were transferred
to a PVDF membrane and analyzed by immunostaining with the
anti-YY1 antibody. As shown in Figu#C, a single band was
detected at the position corresponding to that of the R-1V complex
when the W2 fragment was incubated with the extract (lane 4).
w - The fact that this immunoreactive band was not seen in the
absence of the DNA fragment excluded the possibility that the
YY1 protein alone migrated to the same position #&itane 3).
It was also not detected when a mutant SX fragment was applied
instead of the W2 fragment. No immunostaining band was
observed at the position of R-l or R-Il, suggesting that these
& 4 complexes did not contain YY1, in contrast to R-1V. The band was
. : detected at the position of S-1 with the SRE but not the mSRE
fragment (Fig4C, lanes 5 and 7). Taking these results together
with specific reduction of the R-IV and S-I complexes in the
2094550 T 60101 presence of the antibody (F#B), we can conclude that YY1 is
a common protein factor interacting with REE1 and SRE.

RN EE R &S

RIVe- MW W WS

Figure 3.Competition with REE1—protein complex formation by tHesSRE

fragment. A gel retardation assay was performed as described in Figure 2. The

names of2P-labeled probes and the competitor DNA added to the probe alDISCUSSION

100 times excess are shown at the top of the panel. (-) indicates reaction without

a competitor fragment. The positions of complexes on the REE1 probe (R-IWe have previously identified an 18 bp sequence, REEL, that

R-1l, R-1ll and R-|V) and the SRE probe (S-l) are shown by arrowheads. Stimu|ates autonomous rep"cation Of human Chromosome
fragments. In order to elucidate the role of REE1 we examined
here its interactions with human nuclear proteins and demonstrated

other hand, it was not affected by addition of fragment SX, wit@ link with transcription factor YY1, which participates in
base substitutions in REE1 (Fi§).lane 9) or the X1 fragment transcriptional activation and repression of a variety of human
(data not shown). These results suggest that a common protggnes £1,22).

factor(s) recognizes both REE1 and SRE. The immunostaining experiments showed that YY1 protein is
a component of both the R-IV and S-l1 complexes with REE1 and
the SRE respectively (Fid). Itis not likely that the R-IV and S-I
complexes contain an additional protein factor, since the mobility
The REEL1 region involved in formation of the R-IV complexof complex R-1V is in good agreement with the reported mobility
contains a CCAT sequence, a consensus core motif for bindingadf the SRE fragment bound to purified YY1 proteitd;(
transcription factor YY1 (19). The YY1 protein, which has beerC.Obuse, unpublished results). The region of REE1 homologous
shown to bind to the SRE, might be an REE1-interacting factanith the SRE should be recognized by YY1. REE1 contains a pair

In order to examine this possibility, we examined the effects ofaf partially overlapping CCAT moatifs, a core consensus motif for

rabbit polyclonal antibody raised against YY1 on formation of théinding of YY1, in opposite orientations (Fid). The X1

REE1-—protein complex in gel retardation experimeh. (The  substitution, which disrupts both motifs, impairs formation of the

antibody was confirmed to react specifically with a singleR-1V complex, suggesting that either or both of the CCAT motifs
polypeptide with an apparent molecular mass of 68 kDa4fjg. are required for interaction with YY1. The X2 substitution,
lanes 3 and 4), consistent with the mobility of YY1 onaltering the first C of the CCAT motif in the top strand, does not
SDS-PAGEZ0). Addition of the antibody to the binding reaction impair interaction with YY1, perhaps suggesting that the motif on
mixture containing W1 or W2 probe resulted in reducedhe top strand is notimportant for interaction with YY 1. However,
formation of R-IV but not R-l or R-Il (Fig4B, lanes 1-3 and in the human globin locus it has been shown that an alternative
7-9). No supershift band containing the REE1—protein complesonsensus core motif, ACAT, efficiently binds YY23].

and the antibody was observed. Instead, the radioactivity at tBecause of the lesser importance of the first base of the CCAT
gel origin was slightly increased (F#B, lanes 2, 3 and 9). This motif, we cannot exclude the possibility that the motif on the top
could be due to possible aggregation of the R-1V complex in th&rand in REEL1 is involved in the interaction with YY1.

presence of the antibody. When the antibody was added to th&Ve have previously shown that base substitutions in REEL,

reaction mixture containing the SRE probe the amount of Skhcluding X1 and X2 used in this study, abolish replication-

complex was specifically reduced (FdB, lanes 4-6). Addition enhancing activity as well as transcription silencer activity of
of non-YY1 antibody, such as anti-human CENP-B rabbiREE1 (L6). Since the X2 substitution does not impair binding of
antibody or anti-human c-myc mouse monoclonal antibody, di¥Y1, interaction of an additional factor with REE1 seems to be
not affect the results of gel retardation (data not shownjequired for thén vivofunctions of REEL. It has been suggested

Interaction of transcription factor YY1 with REE1
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Figure 4.Identification of YY1 in complexes with REE1 and the SRE.Hluman nuclear extract (74 for lanes 1 and 3 or 0.l for lanes 2 and 4) was separated

by 6% polyacrylamide gel electrophoresis. Proteins were either stained with Coomassie brilliant blue (lanes 1 and 2Jl cuyavalstezn blotting with anti-YY1
polyclonal antibody (lanes 3 and 4). The positions of molecular mass marker proteins are shown orB)h& &t rétardation assay was performed as described

in Figure 2 except that 0.5 (lanes 2, 5 and 8)dr(lanes 3, 6 and 9) anti-YY1 antibody was added to the reaction mixture. The names of probes are shown above
the panel. Positions of complexes R-I, R-Il and R-IV are indicated at the sides of the panel. Complex R-IIl was notfeffioihttythis experimeniCj 32P-Labeled

probes (lanes 1 and 2) or non-radioactive DNA (30 ng, lanes 4-7) were incubated with nuclear extedciAfiéy gel electrophoresis, proteins incubated with
non-radioactive DNA were transferred to PVDF membrane and analyzed by immunostaining with anti-YY1 antibody (lanes 3r®sTi¢heeoligonucleotides

are shown above the panel. (-) indicates reaction without any oligonucleotide.

that transcriptional activation or repression by YY1 requires aimteractions of REE1 with YY1 and another protein factor(s)
additional protein factor that interacts with sequences adjacentgeem to be required for tirevivo activities of REE1. We have
the YY1 binding siteZ4-26). One such factor has been shownnot as yet been able to detect a complex which depends on the
to be SRF, which interacts with the SRE. However, the SREéntire region of REEL. Possible complexes containing components
sequence inserted in human fragments does not show any effedR-I (or R-1l) and R-1V might be too large to enter the gel matrix
on autonomous replication activity, suggesting that the SRF is not might not be formed efficiently under our experimental
involved in stimulation of replication (C.Obuse, unpublishecconditions.
results). Since the human 293S cell was made by transformatiorHow could binding of YY1 to REE1 participate in stimulation
with an adenovirus fragment, it might be possible that thef autonomous replication as well as repression of transcription?
adenovirus gene product E1A, which has been shown to interdchas been shown that binding of YY1 induces bending of DNA
with YY1, may participate in stimulation by REE1. However, we(19). Possible alteration of DNA structures around REE1 could
have previously shown that the W1-1 fragment carrying REEé&ffect interactions of DNA with proteins involved in assembly of
replicated at a higher efficiency than other fragments in humaeplication initiation complexes as well as those involved in
IMR32 and mouse 10T1/2 cells, which were not transformed hpitiation of transcription. YY1 may directly interact with factors
any viral DNA (15). Thus E1A is unlikely to be involved in involved in initiation of replication, as reported for those in
stimulation of replication of the human fragment by REE1. initiation of transcription £4,25,27). Alternatively, since it has
Besides the R-1V complex containing YY1, complexes R-1 antbeen reported that autonomous replication of a chromosome
R-Il were specifically made on REEL. The results of competitiofragment is inhibited by transcription through the fragma8j, (
experiments (Fig?) suggest that the R-1 and R-1l complexes ardt is possible that repression of transcription by interaction of YY1
likely to contain a common component that recognizes a portiamith REE1 would reduce this inhibitory effect. We have detected
of REE1 adjacent to the possible YYl-interacting sequence.putative promoter located near the REE1 element on the native
Formation of R-l and R-Il is not inhibited by addition of the SREL0 kb chromosome fragment and found transcription from the
fragment, showing that proteins participating in complex formatiopromoter to be enhanced by disruption of REE1 (C.Obuse,
do not interact with the SRE. The R-I or R-Il complex might bainpublished results). However, deletion of the putative promoter
required for a REE1-specific activity, such as stimulation ofegion did not affect the replication-enhancing activity of REE1
replication. Since the region involved in formation of the R-l and16). Thus it is likely that interactions of protein factors, including
R-II complexes is homologous to the SRE except for bases 93% 1, with REEL rather than the resulting repression of transcription
and 934 (shown by asterisks in Fig.), these positions of REE1 mediate enhancement of replication.
could be required for formation of the R-l1 and R-Il complexes. It has been shown that fragments derived frorDtHER origin
Because the entire region of REEL is necessary for stimulationrefjion of Chinese hamster ovary cells do not replicate autonomously
replication as well as repression of transcription, simultaneosggnificantly differently from non-origin fragment&9). On the
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regions distantly located from each other are required for efficient
replication from distinct origins in higher eukaryotic chromosomes
(11,12). A fragment carrying one such region would replicate
more efficiently than other fragments. The REE1 element thﬂ
stimulates autonomous replication may be a possible elemen
involved in initiation of chromosomal replication. It would be
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