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ABSTRACT

The Arabidopsis thaliana genome is currently being
sequenced, eventually leading towards the unravelling

of all potential genes. We wanted to gain more insight
into the way this genome might be organized at the
ultrastructural level. To this extent we identified matrix
attachment regions demarking potential chromatin
domains, in a 16 kb region around the plastocyanin
gene. The region was cloned and sequenced revealing
six genes in addition to the plastocyanin gene. Using
an heterologous in vitro nuclear matrix binding assay,
to search for evolutionary conserved matrix attach-
ment regions (MARSs), we identified three such MARs.
These three MARs divide the region into two small
chromatin domains of 5 kb, each containing two
genes. Comparison of the sequence of the three MARS
revealed a degenerated 21 bp sequence that is shared
between these MARs and that is not found elsewhere
in the region. A similar sequence element is also
present in four other MARs of  Arabidopsis. Therefore,
this sequence may constitute a landmark for the
position of MARs in the genome of this plant. In a
genomic sequence database of Arabidopsis the 21 bp
element is found approxiamally once every 10 kb. The
compactness of the Arabidopsis genome could account
for the high incidence of MARs and MRSs we observed.

INTRODUCTION

DDBJ/EMBL/GenBank accession nos 283320, 283321, Z82043

structure are defined is unclear. An attractive hypothesis is that
these regions are correlated with the postulated organisation of
the eukaryote chromosome in chromatin domains (3). In this
model chromatin is bound at regular intervals to the nuclear
matrix via specific genomic sequences (scaffold/matrix attachment
regions, SIMARS), thereby creating domains of variable size. The
average size of such a domain in mammalian cells has been
shown to bé B0 kb, with actual sizes ranging from a few up to
several hundred kilobases (4). The chromatin structure is
assumed to be either in an ‘open’ or in a ‘closed’ conformation
(5,6). In the ‘closed’ confornti@n transcription factors cannot
bind to cis-acting regulatory sequences, such as enhancers and
promoters, whereas in the ‘open’ conformation promoters and
enhancers are accessible. In this manner the genes within a
domain are thought to be coordinately regulated via changes in
chromatin structure (7,8). Th@lndaries of these domains are
defined by evolutionary conserved S/IMARS. By using a heterolo-
gousin vitro nuclear matrix binding assay such S/IMARs have
been found in all eukaryotic organisms analysed so far, including
yeast, plants and vertebrates (9-15). It ikisg that S/IMAR
identified in one organism can bind to the nuclear matrix from
another species; evidently these matrix-S/MAR interactions are
evolutionary conserve@l6). Therefore, it is likely that these
sequence elements are part of a general chromatin organizing
principle in the eukaryotic genome.

An important clue towards the functional role of S/IMARS in
defining independently controlled chromatin domains comes
from studies on transgenic plants and vertebrates. Generally, the
expression level of a transgene that is stably integrated into a
genome is highly variable. This is believed to be due to

Higher order chromatin structure of the eukaryote genome differences in chromatin structure at the integration site and to
thought to play an important role in regulation of transcriptioncis-acting elements, like enhancers and silencers located near the
According to current ideas differences in accessibility ofntegration site(17). If the transgene is flanked by S/MARs,
chromatin for transcription-related proteins result in regions aéxpression is enhanced and the variability is red(t8d22).

the genome that are either poised for transcriptional activity or afidne effect of SIMARS has been attributed to their putative ability
transcriptionally silen€1,2). How the regions of distinct chromatin to define an independently controlled chromatin domain and their
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postulated role as enhancer-blogl@d). However, itisnotclear e v Vv vV v E VoV E E

whether the physical interaction of SIMARs with the nuclear jm—tmmms 1 Lamieh = | oo ol =)

matrix has any direct bearing on these functions. ifthévo amylase  degl-like HMGllke steolmetbyliransfersse  unknown

association of S/MARs with the interphase nuclear matrix is still . TR o

a matter of debate, although the role of S/IMARSs in the higher 3n-probe St-probe '

order organisation of the eukaryote genome is generally acceptech®222 PROSE
S/MARSs are not the only DNA elements that are thought to be PRO26 PRO14

involved in the functional compartmentalisation of the eukaryotic —

genome. Sequences have been identified that are able to interfere RROLS

with long range interactions betweagis-acting regulatory
elements. When these sequences (called boundary elements) are— ' ¥
positioned between a promoter and an enhancer, the enhancer is
no longer able to activate transcription from that promoter. Thigigure 1. Cloning and characterization of the plastocyanin region. The
is not due to general transcriptional silencing, since the effect igignment of the lambda clones (pbROx) obtained from the genomic screen is
not observed if the boundary elementis positioned elsewhere théppwn in respect to a partial restriction map of the plastocyanin (PC) region with
betw h d t | 26). E | f its identified open reading frames. Some of these have domains with significant

etween enhancer and promoter em@ﬁS ): xampiles o similartity with the indicated proteins but the identification is not sufficiently
boundary elements are the SCS and 'S¥8§uence elements established. The arrows indicate the direction of transcription for these genes.
flanking the Drosophila heat shock locus (27), a sequence Below the map are the positions of théidlll-Clal and 3 BanHI-Hindlll

; ; probes (striped boxes) derived from pPC8.94 that were used in the screen. The

element in the gypsy. t_ransposon IDfOSOtha (28) and a. restriction sites given aanH| (B), Clal (C), EcaRlI (E), EcaRV (V) and
sequence element defining the upstream border of the chickefj,q ).
B-globin locus(29). Intereingly, the BEAF32 protein, which
through binding to SC3s responsible for its boundary function,

has recently been shown to be associated with many sites o . . .
polytene chromosome®0). This ints to a general role of a%l bp MAR recognition sequence (MRS) that is unique for

boundary elements in the organisation of eukaryotic genomes’.a‘rabidOpSiSS/ MARS.

Although many S/IMARs have been identified, only a limited
number of studies have addressed the domain organisationMATERIALS AND METHODS
specific genomic regior{f81-33). The best documented analyses )
are those of the 300 kbsy-Aceregion(34), an 800 kb region of Strains and plasmids
chromosome 1 dbrosophila melanogast¢éB5—37) and the 280 kb

region around the maizelhl gene (38). Theséuglies indicate Colombia (constructed by Dr J. Mulligan and Dr R. Davis of

that |r_1d|V|dua_1I domains are diverse in size (5-100 kb.) and Catanford University) was obtained via the Kéln DNA Center of
contain a variable number of genes. Due to the large size of thege £\ ropean Union BRIDGAFabidopsigroject. Probes for the
regions, their unknown nucleotide sequence and the use Qlieen for flanking genomic sequences of the PC gene were
non-overlapping restriction fragments in the S/IMAR screen, a§arived from pPC8.9%1), a plasmidantaining theArabidopsis
unambiguous identification of all SIMARs and genes in thesﬁlastocyanin gene on a 5.2 kb genohiadIll fragment.
regions was not possible.

In Arabidopsis thaliana large sequence database is compiled ) .
containing the primary sequence of its genome. However, no d&gPNning and sequencing of the PC region

'ﬁ.ar\]/ ailable on how this prlmﬁry seqhuence_could be. organized Nsitive lambdaGEM phages were shot-gun cloned using either
igher order structures such as chromatin domains. In order é%d?l, EccRV or BanH| (partial digest) in pBluescript. From a
resolve this problem we started a detailed analysis of thgseqyent screen with’goBobe of pPC8.94indll—Clal) we
organisation of a specific genomic region. In a 16 kb regiogy,,ined pRO2%HCARI insert) and pRO2ECARY insert). From
around the light-regulated pIastocygnm gene (P@.iliana e screen with the’ Jrobe BarHI-HindIll) we obtained
(39,40) we have mapped all opendieg frames and SIMARS hRrO14 EcRl insert) and pROLEECARY insert). The plasmid
that mark the boundaries of putative chromatin domains. OWRr012 (partiaBanH] insert) hybridized with both'&nd the 3
analysis reveals a high coding potential with seven genes and W@hes. A screen with a probe of pRO12 Xba—BanHI)
find three S/MARS using a matrix binding assay. All SIMARS argesyited in pRO64HCARI insert). An overview of these clones is
located in the intergenic areas of the PC region, defining thgovided in Figure 1. Overlapping subclones from the pRO-series
borders between two chromatin domains, each containing tWgere prepared in order to sequence the entire region. Sequence
genes. analysis was supported by the European Scientists Sequencing
The threeArabidopsisS/IMARs are A+T-rich and all have ArabidopsiS(ESSA) project of the European Union. Both DNA
characteristics of SIMARs from other plants, yeast and animalsrands were sequenced, each fragment at least four times.
Interestingly, the threérabidopsisS/MARs share a unique, Identification of potential open reading frames was done with the
degenerated 21 bp sequence that is only present in the SIMABRISAST sequence comparison program (42) and ouitsasere
and nowhere else in the 16 kb PC region. From two non-relatéstiependently confirmed by the Martinsried Institute for Protein
genomic regions we identified four additional S/IMARs. All theseSequencing (MIPS). The sequences of 16 kb PC region
S/MARs contain sequences that strongly resemble the 21 [gccession number z83321), the 11.2 kb ATH1 region (accession
DNA element found in S/IMARs of the plastocyanin regionnumber z83320), and the 4.3 kb ATB2 region (accession number
Based on the alignment of sevamabidopsisS/MAR we propose  z82043) have been submitted to the EMBL DNA library.

pRO12

The genomic lambdaGEM-11 library &.thaliana ecotype
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Isolation of nuclei lambdaGEM library (Materials and Methods) walking in upstream

nd in downstream directions. Figure 1 depicts the relative
sition of the six overlapping clones (pROX) that cavies kb

around the PC gene. These clones were used in our search for
/MARSs. The correct alignment and integrity of the clones was
onfirmed by Southern blot analysis of th@bidopsisgenomic

PC region (data not shown). The PC gene has been mapped on

) ) chromosome 1 near RFLP marker g6838, using the CEPH/INRA/

Nuclear matrix preparation CNRS YAC library by Drs D. Bouchez and C. Camilleri.

Procedures were essentially as described béddie To obtain

matrices for the binding assay rat liver nuclei were subjected enomic organisation of the plastocyanin region

a lithium 3,5-diiodosalicylate (LIS)-extraction protoc@l5).

Nuclei of 10’ cells were washed once in 10 ml washing buffeiSequence analysis revealed the presence of six open reading
[3.75 mM Tris—HCI, pH 7.4, 20 mM KCI, 0.5 mM EDTA, frames in addition to the PC gene. To all genes except one we
0.125 mM spermidine, 0.05 mM spermine, 1% (v/v) thioglycolcould assign a tentative function on the basis of sequence
0.1% (wi/v) digitonin and 2Qug/ml aprotinin]. After pelleting similarities with known genes in the sequence databases. In
(300 g for 10 min at 4C) nuclei were gently resuspended inFigure 1 we also provide an overview of the position of the newly
0.5 ml washing buffer and stabilised by incubation for 20 min atientified Arabidopsisgenes and their direction of transcription.
42°C. Non-matrix proteins were extracted by adding 10 ml of The B-edge of the cloned region codes for the N-terminal part
10 mM LIS in extraction buffer 20 mM HEPES-KOH, pH 7.4, of a putativen-amylase gene. The first five exons and part of the
100 mM lithium acetate, 1 mM EDTA, 0.1 mM PMSF, 0.1%sixth exon of thérabidopsisi-amylase gene have a high degree
(w/v) digitonin and 20pg/ml aprotinin] and followed by of sequence similarity (86%) with the amylase gene from
incubation for 15 min at 2%. The resulting nuclear halos were Solanum tuberosunfpatent no. WO 9012876-A, DANSICO
collected by centrifugation (15 0Gpfor 5 min at 4C) and  A/S). The second gene in the PC region contains a central block
washed four times with 10 ml of digestion buffer (20 mMof 150 amino acids that is also present in a protein of similar
Tris—HCI, pH 7.4, 70 mM NaCl, 20 mM KCl, 10 mM MgCl molecular weight irsaccharomyces cerevisiieEG-1) (48) and
0.125 mM spermidine, 0.05 mM spermine and gml  a rRNA-methyl transferase fro@aenorhabditis elegangt9).
aprotinin). For thein vitro S/IMAR binding assay rat nuclear Although the yeast DEG-1 protein is required for normal growth,
matrices were obtained by restriction of the genomic DNA of this function is unknown. AArabidopsiEEST (T76494) with 94%
halos in 1 ml digestion buffer containing 1000 U eachauRRl, identity over 420 bp maps in this area, establishing the

Nuclei from rat liver cells were isolated as described before (4
and were kept at —8C in storage buffer [7.5 mM Tris—HCI, pH
7.4, 40 mM KCI, 1 mM EDTA, 0.25 mM spermidine, 0.1 mM
spermine, 1% (v/v) thioglycol, 0.2 M sucrose, 50% (v/v) glycerol
at a density of 10nuclei/ml.

Hindlll and Xhd for 2 h at 37C. functionality of this predicted gene. Immediately upstream of the
PC gene we identified a functional gene (EST AT2862; 100%
S/MAR binding experiments identical over 181 bp) of the HMG-1 superfamily. It codes for a

. . . . . . protein that contains a single HMG box, preceded by a basic
Rat liver matrix preparation was adjusted to a final Conce.mrat'%-terminal region. This structure closely resembles that of the
of 15 mM EDTA and 12Qug/ml Escherichia colicompetitor yeast proteins NHP6A and NHP6B (50), the HMP1 protein from
DNA. To identify SIMARs in the 16 kb PC region, nuclearp|asmodium falciparum(51), and the NHP1 protein from
matrices from 1@)cells.were3|2ncubated overnightat&with  gapaia bovigs2). These small HM@ke proteins are thought
#29?28?1];;%&2‘?225’;‘;%&] iEgﬁlﬁ;gg;iﬁfg‘;&ﬁtﬂ%ﬂo% bring distant protein binding sites on the DNA into close

o X . oximity by inducing bending of the DNA stra(fB).

by centrifugation (15 00gfor 30 min at4c(:)) DNAwas purified ™ poynstréam of the PC gene we find a gene that probably
by |n(_:ubat|on at 37C for 60 min with 0.1% SDS and 52@/”" encodes an enzyme from the sterol metabolism pathway. This
proteinase K, followed by phenol-chloroform extraction. DNA, jiadive delt¢p4)-sterol methy! transferase has a similarity of
was precipitated, dissolved in fiOTE and subsequently half of 104 \with the yeast equivalent LIS1/ER@S}). There are two

pellet, supernatant or input fractions were loaded on a 1.2% o\ erlappingrabidopsisESTs that originate from this gene,

3MM paper, followed by overnight autoradiography on Kodak,,
X-Omat S film. The quality of our preparations was checked wit
a positive control: &lindlll-Pst—EcdR|-Avd digest to release
the 1000 bp intergenic H1-H3 histone MAR Dfosophila
melanogaste(45).

hich is 93% identical over 480 bp. The next gene encodes a
bhioredoxin-like protein. This protein has a C-terminal domain
that closely resembles (52% over 80 amino acids) that of the
rabbit, chicken and human thioredoxin prote(65-57). It is
guestionable whether thisrabidopsisgene codes for an active
thioredoxin. In spite of the striking similarity with established
RESULTS thioredoxins the encoded protein lacks the pentapeptide sequence
. . : WCGPC typical of the active centre of thioredox®g). We are
Cloning of the plastocyanin region confident that this gene is actively transcribed because of two
The analysis of the organisation of thebidopsisgenome is non-overlapping ESTs; AT267 (97% over 400 bp) and ATTS
facilitated by its compactness. Earlier studies and the progressiag79 (97% over 350 bp). The first EST also confirms the absence
genome project have revealed that major parts of the genomkthe WCGPC sequence. The masib8ated incomplete open
contain coding regions with hardly any interspersed repetitiveeading frame has no counterpart in the sequence databases an
sequences (46,47). Stag from clone pPC8.9441), which  could, therefore, not be identified yet. Also to this gene we could
spans the plastocyanin (PC) gene, we screened a genorassign adrabidopsisEST (ATTS5002; 96% identical over 250 bp).
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Figure 2. Identification of the S/IMARs of the plastocyanin regi@y.Binding assay of pRO25 and the cloned MAR).Binding assay of pRO14C] Binding assay

of pRO64. D) Binding of theDrosophila melanogastéristone H1-H3 intergenic MAR. In the top panel we have indicated the position of the identified SIMARs
(black boxes) in relation to the genes. In the central panel are the position of the relevant restrictioBaite#;[Bg, Bglll; C, Clal; E, Ecarl; H, Hindlll; K, Kpnl;

S,Sal; V, EcaRV, X, Xbd) used to obtain overlapping restriction fragments foirthétro binding assay (P, Pellet; S, Supernatant; T, Total).

Finally, our sequence analysis showed that the PC region fimgment. To confirm these conclusions we clonedHinélll—
devoid of repetitive sequences and does not contain amcdRV fragment and showed strong binding of this fragment to

CpG-islands. the nuclear matrices (Fig. 2A). ThiindIll-Clal andClal-EcdRV
subfragments also bound to the nuclear matrix, albeit with lower
Mapping of SIMARSs in the plastocyanin region affinity.

In a similar screen of pRO14 we analysed sequences directly

We have used a heterologous matrix binding assay for our screfmwnstream of the PC gene for matrix association. Here we
of SIMARSs, as this procedure will identify evolutionary conserveabserved binding of a 1500 BanHI-Sal fragment and of an
S/IMARSs, using the histone H1-H3 intergenic MARDmbsophila  overlapping 2000 bplindlll fragment (Fig. 2B). The binding
as a positive contro{45). These are the S/MARs that areactivity of this SIMAR could be assigned to a 500 Bl
considered to mark potential boundaries of chromatin domainestriction fragment (Fig. 2B) that resides in both fragments. A
Together, the constructs pRO25, pRO14 and pRO64 cover thecond S/IMAR downstream of the PC gene was identified in
entire PC region (Fig. 1). Each of these constructs was testpRO64. Reproducibly, we observed binding of the central 1400 bp
separately for the presence of SIMAR sequences by analysing ¥led—BarH| fragment (Fig. 2C) to the nuclear matrix. Binding
binding of overlapping restriction fragments to rat liver matricespersisted even at competitor DNA concentrations that exceeded

Figure 2 depicts the results of the S/IMAR screen of sequendise 5000-fold molar excess we routinely use in our assay (data not
upstream of the PC gene in pR0O25. Within this construct wshown). We never observe any binding for the flanking sequences,
identified matrix association of a 5500 HmdlIll fragment and  placing MAR-3 within the 1400 bgbd—BanHI fragment.
a 3000 bEcdRV fragment (Fig. 2A). These sequences share a The three constructs pRO25, pRO14 and pRO64, which we
1300 bp region, suggesting the presence of a S/IMAR in thised in our screen for S/IMARS, span the entire PC region, but do
overlapping HindllI-EcaRV restriction fragment. A weaker notoverlap. A consequence is that we may overlook S/MARs that
association was observed for a 170&ppl—Clal (Fig. 2A). This  are located at the junctions between the constructs. Therefore, we
fragment partially overlaps with thindlll-EcdRV region. also screened pRO12, which overlaps with both junctions, but no
From these observations we concluded that the upstream S/MARditional S/IMARs were found. We conclude that the 16 kb PC
is located overlapping th€lal site in the Hindlll-EcdRV  region contains three S/IMARS. The first two S/IMARs of the PC
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Figure 3. Structural features of the plastocyanin regié.The percentage of A and T bases (window size = 100) in relation to the position of the genes and S/IMARs
(central panel) of the plastocyanin regid®). [location of a set of repeated sequences known to be enriched in SIMARs and the position of the 21 bp MAR consenstL
sequence in relation to the position of the identified S/IMARs.

21 bp consensus

region have a high affinity for rat liver nuclear matrices, whereas S/IMARs have also been reported to be enriched in a number of
the more distal downstream S/IMAR may have a somewhat lowmpeated sequences, like AATAAAYAAA (A-box), TTWTWTTW-
affinity. The three S/IMARs define two adjacent chromatinTT (T-box), WADAWAYAWW, TWWTDTTWW, topoisomerase-
domains, eachb kb in size and containing two genes. Il binding sites, and the DNA strand unwinding sequences
(AATATT and AATATATTT) (14,34,60-63). In Fgure 3B the
sequence of tharabidopsisS/IMARs indeed show clustering of
Sequence characteristics of the S/IMARs in the PC region some of these repeats, but not of all. The S/IMAR directly
upstream and the one downstream of the PC gene show the
Over 40 S/IMARs have been cloned from a variety of organismgighest level of clustering of the repeated sequences TTWTWT-
Although there is no obvious sequence homology betweepwTT (T-box), WADAWAYAWW and TWWTDTTWW, Interest-
S/MARSs, they do share a number of structural characteristicggly, these S/MARs have a higher binding affinity for rat liver
These include a high A+T content and the presence of sevefalclear matrices than the S/MAR located near teei@e of the
repeat sequences (59). ligre 3A we compare the A+T-profile cloned area, containing a smaller number of these repeats.
of the PC region to the position of the SIMARs. Although all three These sequence elements cannot be used to predict the presenc
S/IMARs are A+T-rich (>70%), this feature does not uniquelysf a S/MAR. In Figure 3B we indicated the position of these
discriminate them from non-S/MAR sequences. There are paggquences in the cloned PC region. Some of the repeated
of the PC region that are equally A+T-rich as S/MARs, but do n&equences do indeed seem to distinguish S/MARs from their
bind to the nuclear matrix. Evidently, Arabidopsidike in other  environment in thérabidopsisgenome. The WADAWAYAWW
organisms, S/IMARs are A+T-rich, but not all A+T-rich sequenceand TWWTDTTWW repeats are highly clustered and enriched
have an affinity for nuclear matrices. As we compared codingh the S/MARs directly upstream and downstream of the PC gene.
regions with non-coding regions it became clear that thelowever, they are not strictly confined to the S/IMARs. Repeat
non-coding regions are somewhat more A+T-rich than the codirgquences are found mostly in the intergenic regions throughout
regions. A striking dip in the A+T profile is observed at the starfhe cloned PC region, also outside SIMARs. The A-box, T-box
of each of the open reading frames (Fig. 3A). In the case of th@d the unwinding sequences are likewise not unique for
PC gene a low A+T level persists throughout the coding regiog/MARs.
In the other genes the overall A+T content is only slightly lower
than that of the intergenic regions. We conclude that, although the , .: ; e ;
S/MARs confirm the general rule of being A+T-rich, the A+T!a‘ unique A-thaliana SIMAR recognition signature
profile by itself is not a suitable indicator for the localisation ofwWe have aligned the sequences of the three PC S/IMARSs in search
S/MARSs inArabidopsis of elements that may be specific fArabidopsis S/IMARS.
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Figure 4. Potential SIMAR sequence signature. Sequence alignment of the - ! |~ = - e

A.thalianaS/MARs from the PC region (PC-S/MAR 1, 2 and 3), from the ATB2 = } =

region (ATB2-S/MAR) and from the ATH1 region (ATH1-S/MAR 1, 2 and 3). . = s

The consensus sequence (W=AorT; R=AorG;N=G, A, T or C) is based s —1

on the alignment of therabidopsisS/MARs and where the bases shared by the S (P s ps ps|PSIPS Pl

overlapping binding sites (TAWAWWW and AWWRTAANNWWG) are in —J Spel Hindll FcoRl

bold. Xbal Spel  HindlI Xholl Xhol Avall  Aval

Figure 5. Identification of the S/IMARs in the ATB2 and ATH1 genomic

. . regions. A) Binding assay of ATB2 K) Binding assay of ATH1.Q) Binding
Several short A+T-rich sequences of varying lengths can bg; e prosophila melanogatehistone H1-H3 intergenic MAR. In the top
observed that are shared by the S/IMARs, but none of thesgfnel we have indicated the position of the identified S/IMARSs (black boxes) in
discriminate S/IMAR from non-S/MAR regions. Such sequenceg;elation to MRSS (arrows) and the position of the_releyang rest‘rict_ion sites
probably simply reflect the overall high A+T content of a region,(ég':"al'; "I'Dve'l'l'g:f’g'? SSL'JSS:;? ;g’rv]t)(ba? X, Xhal) used in then vitro binding
rather than the presence of a SIMAR. Interestingly, however, th&S® (P Pellet: S, Sup )
alignment in Figure 4 revealed a degenerated 21 bp sequence:
TAWAWWWNNAWWRTAANNWWG. This sequence is unique ospriction fragments (Fig. 5B). Notably, this region contains the

for the three S/MARs and is not found elsewhere in the PC regiQd o4 consensus sequence (ATH1 S/MAR-2 in Fig. 4) we had

(F'Ilgf.]'sB).b i ted 0 i tigate wheth thjdentified at position 2813. The prominent association of the
IS observation prompted us to investigate Whether gy, anq Hindlll fragments contrasts the weaker association of
sequence could be used to predict the location of a SIMAR in t e correspondingSpeé fragment that overlaps with these
Arabldpp5|sgen(?me4. :;I' ?(btrf"s end \t/ve scrgetﬂeo: two non-relategl iction fragments. Although we did not explore this difference
genomic regions: a 4. ragment around the leucine zIpper-typey,:, 4ing pehaviour, we believe that it is due to competition for
transcription factor gene ATB2 (S.C.'I\/I..Smeekens, unpubl!sh nding to the nuclear matrix between the different SIMARs
results) and a 11.2 kb fragment containing the ATH1 transcriptiqfi; e on, the same construct. Inactivation of binding of the first

factor gene (64). ar)d its upstreargio. Figure 5 depicts these_ /MAR, as a consequence of digestion with eitkkedl| or
results. Matrix binding assays show that the ATB2 clone contawp_q;mdm, could conceivably favour association of the second

asingle S/MAR in the 2.1 Kkba fragment just upstream of the S/MAR. A third S/IMAR is located in the mostSpe restriction
gene, whereas the rest of the ATB2 region had no affinity for t . o :
nuclear matrix (Fig. 5A). Interestingly, we find a DNA elemen??agment, containing the promoter region and upstream sequences

in this SIMAR that strongly resembles the 21 bp consens of the ATH1 transcription factor, as is evident from the weak

sequence. The DNA element in the ATB2 S/MAR has a single sociation of the upper Spel fragment (Fig. 5B). To refine the

. . ) h osition of this third S/IMAR we sub-cloned and assayed this
at position eight/nine, where the PC S/IMARs have two (Fig. 4 egion and could show binding of a 1200 Hindlll fragmént

This suggested that the 21 l:_)p PC consensus sequence could > 5B). This maps the third S/IMAR close to the third MRS at
compound sequence comprised of a closely spaced 7 bp sequ tion 7859

(TAWAWWW) and 12 bp sequence (AWWRTAANNWWG). ur results show that all seven S/IMARs we have identified in

Given this refinement of the consensus sequence, which does RP. bidopsiscontain a closely spaced combination of TAWAWWW

introduce additional predicted S/IMARs in the PC region, we als| d AWWRTAANNWWG. stronaly suaaesting that this combina-
screened the 11.2 kb genomic fragment around ATH1. The \Aﬁ&@n constitutes a S /MAR’- speci%é/ SeggencegsignaturArhiDi-

region contains two sequences with a closely spaced TAWA opsis
and AWWRTAANNWWG (ATH1 S/MAR-1 and -3 in Fig. 4),
resembling the S/MARs in the PC region. In addition, ATH1 alsg
contains a region where both sequences partly overlap (ATIJHISCUSSION

S/MAR-2 in Fig. 4). A detailed matrix binding analysis of ATH1 ; faati i ;
region revealed three S/MARs that precisely correspond to tr-1rr-£1 @ genomic organisation of the plastocyanin region
positions of the postulated consensus sequence. The first SIMARhough it is generally accepted that the genomic organisation
is located in the 1500 bppe fragment located at theé-Bnd  of eukaryotes is an important aspect of gene regulation, so far the
(Fig. 5B). Digestion of this region with eith&hdl or HindlIl topic has not been addresseA itihaliana In order to investigate
(position 1191 and 993) abolishes matrix binding of the firsthis one needs a well defined genomic region in which all genes
S/MAR. This locates the SIMAR overlapping these restrictiomnd S/MARs have been mapped. This paper describes the
sites, in close proximity to the consensus sequence (position 4%alysis of the genomic organisation of such a region: a 16 kb
The second S/MAR is located inXhdl-HindlIl restriction  genomic domain around the plastocyanin (PC) ge#ietladliana
fragment (position 2046 and 3762), as is evident from the matrix To identify S/IMAR sequences we made use of the fact that
association of two partially overlappingindlll and Xhdl S/IMAR—matrix interactions are evolutionary conserved. We
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employed a rat liver matrix preparation to detect restrictioidentified four additional S/MARSs. Only in one case (Fig. 5, ATH1-
fragments that bind to the nuclear matrix with high affinity andS/MAR 3) we found the homologous 21 bp sequence. Alignment
specificity. The quality of our nuclear matrix preparations wasf the severabidopsisS/IMARSs revealed that the original 21 bp
checked using the well studied histone H1-H3 intergenic MARequence is composed of two closely spaced individual sequence
in Drosophila melanogasteas a positive control (Figs 2D and elements. The close combination of TAWAWWW and AWWRT-
5C). In this way we have located three S/IMARs in a 16 kb regioBRANNWWG elements can be found in all seven S/IMARs. In all
that contains, in addition to the PC gene, six genes and otieese S/IMARSs they are found either separated by a small number
additional unidentified open reading frame. Each of the threef base pairs or partly overlapping. We suggest that this
S/IMARs is located in an intergenic region. The S/IMARs defineonfiguration of sequence elements is a S/IMAR recognition
two potential chromatin domains. Each of the two domainsequence (MRS) that constitutes a landmarkAli@bidopsis
contains two genes: HMG-like and PC in the first and sterab/MARs. A database survey of genonfitabidopsis DNA
methyl transferase and the thioredoxin-like gene in the secon@vealed that the MRS occurs on average once every 10 kb. To our
Evidently, with seven genes in 16 kb the PC region constitutes &nowledge, this is the first time that a sequenemeht has been
area with high coding potential. Thrabidopsisgenome is identified that is truely unique for S/IMARSs.
small, especially when compared with other plants. Therefore, awe can only speculate what function this MRS fulfils and what
high coding density is expected. Preliminary data from the ongoingroteins bind to this sequence. The configuration of two closely
Arabidopsiggenome project suggests that highly transcriliidme  spaced or partially overlapping sequence elements is compatible
are organised in clusters (Dr 1.Bancroft, personal communicationjith two proteins binding adjacently or with one protein with two
Starting from the PC gene we probably have isolated part of sugparate DNA binding domains. As this DNA element occurs
a gene cluster. only once in each of the S/IMARs tested and S/MAR binding
This detailed description of the two chromatin domainsctivity is known to be dispersed over a region of several
confirms the overall organisation that has been observed ffundreds of base pairs, it is unlikely that this sequence by itself
studies orbrosophilaand maize (35,37,38,65,66). In both theses responsible for binding of the S/IMAR to the nuclear matrix.
organisms domains of variable sizes (5-100 kb) have been foumgdeed, preliminary experiments have shown that a MRS
in which the smaller contain one up to a small number of genasentaining oligo does not bind to the nuclear matrix. As the MRS
whereas the larger seem to contain more repetitive DNA. Thi§ specific for ArabidopsisS/MARSs, but not involved in the
distribution leads to an average size of roughly 90 kb, typical fqshysical association of a S/MAR with the nuclear matrix, it is
higher eukaryotes (4). In the PC region the domains are rathgdely that the MRS is required for some S/IMAR specific function
small (5 kb), which probably is a consequence of the clusteringther than matrix binding. The notion of a modular configuration
of genes. As tharabidopsisPC region is devoid of any repetitive of S/MARs is compatible with the observation that in transgenic
DNA sequences, the observed domain size is probably biased gghts the ability of SIMARS to shield against position effects can
probably does not reflect tigabidopsisaverage domain size. pe uncoupled from their ability to direct copy number-dependent
expression (21).
Sequence characteristics of the S/MARs in the PC region Proteins that contain the AT-rich interaction domain (ARID)
are a plausible candidate for the class of proteins that bind to the
S/MARs have been cloned and sequenced from a wide varietyMRS (67). S/IMAR Inding proteins, like SatB(68) and Bight
eukaryotes. These S/IMARs are characterised by a high A%E9), bind to AT-rich sequence of the ATgpe. Their binding
content (typically >70%) and are enriched in a specific set dfites are loosely defined but share a common feature: one of the
sequences: the repeat sequences AATAAAYAAA (A-box), TTWTDNA strands is lacking G residues. A similar asymmetrical
WTTWTT (T-box), WADAWAYAWW and TWWTDTTWWT,  distribution of C and G residues can be observed in the MRS
one or more topoisomerase Il binding sites and the DNAequence elements identified inArabidopsisS/MARs (Fig. 5).
unwinding sequences (AATATT and AATATATTTY14,34, The evolutionary conserved nature of S/IMARs suggests that
59-63). All these sequenceerlents, including a high A+T S/MAR binding proteins must be commonly and ubiquitously
content, are found in the thréeabidopsisS/MARs of the PC  expressed. This is the case for SAF-A (70), but not for SatB1 and
region. Moreover, like almost all known S/MARs, these ar@right. These latter proteins are tissue spe(#®;69). We find
located in non-transcribed intergenic regions. This shows theiis MRS only inArabidopsisS/MARs and not in S/IMARS from
these S/MARs belong to a class of evolutionary conservesther organisms, suggesting that the MRS is a binding site for an
sequence elements that specifically bind to the nuclear matrixrabidopsisspecific protein. The observation that SatB1, although
However, like in other eukaryotes, these features are ngpecifically expressed in thymus, is able to bind to a large variety
sufficiently unique to recognise a SIMAR from sequence datéf other SIMARs would point to a widespread distribution of

alone. ARID proteins with similar but not identical binding sites.
Our analysis of the 16 Kirabidopsiglastocyanin region gives
An A thaliana-specific SIMAR sequence signature insight into the organisation of a region that contains a cluster of

genes. An important question that can now be tackled is whether
A comparison of the sequences of the three S/IMARs in the RBis organisation is related to the spatial and temporal expression
region revealed a common degenerated 21 bp sequence: Tattern of the genes. Moreover, the identification of a SIMAR-
WAWWWNNAWWRTAANNWWG. This sequence is unique specific sequence element allows (i) the analysis of the chromatin
for the three S/IMARs and does not occur elsewhere. Tdomain organisation of thethalianagenome from the genomic
investigate whether this DNA element is specificAmabidopsis  sequence data, (ii) the identification of proteins that specifically
S/IMARs we screened two non-related genomic regions fdiind to S/IMARs, and (iii) the identification of similar S/IMAR-
S/MAR binding activity. In the ATB2 and the ATH1 regions we specific sequence elements in other organisms.
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