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ABSTRACT

To generate long arrays of nucleosomes within a
topologically defined chromatin domain we have
assembled minichromosomes on negatively super-
coiled plasmid DNA with extracts from Drosophila
preblastoderm embryos. These minichromosomes are
dynamic substrates for energy-dependent nucleo-
some remodeling machines that facilitate the binding
of various transcription factors but do not exhibit
nucleosome positioning. In contrast, if such mini-
chromosomes include the mouse mammary tumour
virus (MMTV) promoter we find it wrapped around a
nucleosome with similar translational and rotational
position as in vivo . This structure precluded binding of
NF1 to its cognate site at—75/-65 at salt concentrations
between 60 and 120 mM, even in the presence of ATP,
which rendered the NF1 site accessible to the restriction
enzyme Hinfl. However, insertion of 30 bp just upstream
of the NF1 site, which moves the site to the linker DNA,
allowed ATP-dependent binding of NF1 to a fraction of
the minichromosomes, even in the presence of
stoichiometric amounts of histone H1. The mini-
chromosomes assembled in the  Drosophila embryo
extract reproduce important features of the native
MMTYV promoter chromatin and reveal differences in
the ability of transcription factors and restriction
enzymes to access their binding sites in positioned
nucleosomes.

INTRODUCTION

NF1, and two binding sites for the ubiquitous factor O TIFIn¢
references therein). The binding sites for the hormone receptors
are imperfect palindromes which function synergistically as
hormone-responsive elements (HREs)vivo (2). Moreover,
mutation of the NF1 binding site reduces hormone induction by
one order of magnitude, without affecting receptor binding to the
HRR, and mutation of both octamer motifs also reduces
induction, though to a lesser exteht Thus, binding of hormone
receptors, NF1 and OTF1 to the HRR and synergism between the
three factors is necessary to achieve full induction of the
promoter. On the other hanth vitro binding studies have
demonstrated that NF1 competes with hormone receptor and OTF1
for binding to naked promoter DNA3,@), excluding a simple
cooperativity of DNA binding as an explanation of the functional
synergism among the three sequence-specific transcription factors.
In metazoan and yeast cells carrying stable copies of the
MMTV-LTR, the promoter is organized in positioned nucleosomes,
though their precise translational positioning is still a matter of
debate %-8). In the majority of the published studies, the
nucleosome originally identified as nucleosomeBspans the
HRR. Genomic footprinting studies have shown that after
glucocorticoid or progestin induction alis-acting elements in
the promoter are occupied, while the position of the nucleosome
appears to remain unchangeél. (Thus, the MMTV promoter
becomes transcriptionally competent and bound by the three
sequence-specific factors, whereas the nucleosome covering the
HRR is neither removed nor shifted. However, the central region
of this regulatory nucleosome becomes highly accessible to
double-strand cleavage by nucleas&s $uggesting that the
nucleosome is remodelled to accommodate simultaneously all
relevant transcription factors. An active role of nucleosomes in

The mouse mammary tumour virus (MMTYV) promoter, locatednediating hormonal induction is suggested by experiments in
in the long terminal repeat (LTR) of the provirus, is induced byeast strains manipulated to express the MMTV promoter under
glucocorticoids and progestins. Hormonal induction is mediatettie control of glucocorticoids and NF2) (Lowering the density

by a complex hormone responsive region (HRR) comprisingf nucleosomes in these yeast strains compromises the synergism
several binding sites for the hormone receptors, a binding site feetween hormone receptors and NF1 and reduces the extent of
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MMTYV induction (9). How this positive role of the nucleosome Preparation of Drosophilaembryo extracts and chromatin
is brought about is unknown. assembly reaction

MMTV promoter sequences can be assembled with histone
octamersin vitro to generate a positioned nucleosome with &tandard assembly reactions were performed essentially as
similar rotational phase as foutml vivo (10-13). In binding  describedZ8). Briefly, 750 ng of DNA were incubated for 6 h at
studies with reconstituted mononucleosomes, the hormoR€°C in the presence of 40l of Drosophila preblastoderm
receptors are able to access some of the HREKI), whereas €mbryo extract (conductivity equivalent to 80 mM KCI) 80f
NF1 cannot bind to its cognate sequericel@,14). Even after ~ €xtraction buffer-110 (110 mM KCI, 10 mM HEPES-KOH,
preincubation with hormone receptors, no binding of NF1 to BH 7.6, 1.5 mM MgG, 0.5 mM EGTA) and 13.8l of an ATP
nucleosomally organized MMTV promoter is obseriregitro ~ '€generating system (30 mM creatin phosphate, 3 mM MgCl
(11), suggesting that mechanisms or factors are opeiatiigp 3 MM ATP, 1ug/ul creatin phosphokinase, 1 mM DTT). The salt
which are not present or active in the purified mononucleosomgoncentration under these standard conditions is 120 mM. Where

Recently, ATP-dependent chromatin remodeling factors hayJadicated, salt concentration in the extraction buffer was adjusted

been identified biochemically and genetically which may bd© achieve an overall conductivity of 60, 90 and 150 mM.

involved in the transactivation of inducible genes. To this class

belong members of the large SWI/SNF complex, originally founq- - : :

) . wo-dimensional gel electrophoresis
in yeast genetic screeris|. Homologues to the yeast SWI/SNF g P

complex, in particular to SWI2/SNF2 subunit, have been foundgier the assembly reaction, samples were treated with RNase A
in Drosophila mouse and human. These genes encode DNAn; 30 min, followed by overnight treatment with proteinase K
dependent ATPases the activity of which is essential for thehg 0.206 SDS at 3T, two phenol extractions, and ethanol
function of the complexn vitro, the SWI/SNF complex is able precipitation. The resulting DNA was analyzed for topoisomers
to influence the structure of nucleosomes and facilitates thgstribution in two-dimensional gel electrophoresis as described
binding of transcription factors to DNA sequences organizegh9). In the first dimension, electrophoresis was on a 1% agarose
around histone octamers&-18). Other activities related to, but gel run in & TBE buffer for 16 h at 50 V. The agarose slice
distinct from, the SWI/SNF complex have been identifieccontaining the sample of interest was rotatet@@ run at 80 V
recently inDrosophilaand yeast(9-22), suggesting that the for 20 h in the second dimension on a 1% agarose gdIBE
eukaryotic cell devotes a diverse set of factors to negotiate thentaining 2ug/ml chloroquine, which was also added to the
chromatin structure in the context of transcriptional geneunning buffer. Chloroquine was eliminated by soaking the gel for
activation @3). 40 min in HO and topoisomers were visualized by ethidium
Extracts fromDrosophila embryos are known to assemble bromide staining or Southern blot hybridizatiG)(
DNA into physiologically spaced nucleosome arr&ys45) and
have been shown to possess ATP-dependent chromatin remodeling ] ) )
activities (L9,21,22,25-27). We have used such extracts for theLOW resolution analysis of chromatin structure
assembly of minichromosomes on plasmids containing MMTV
promoter sequences. Here we report the structural characterizatjon
of these minichromosomes, which exhibit positioned nucleosom
over the MMTV promoter. As a test for the functional relevanc
of the positioned nucleosomes, we analyze the accessibility of t

nucleosomal NFL blndmg_ site. In contrast W't.h many pthe amples were then treated with 3-mercaptopropionic acid (MPA),
transcription factors and similar to threvivo situation, NF1 is thanol precipitated, resuspended inuBof Tris-EDTA (10 mM
unable to bind to the nucleosomally assembled wild-type MMT tis—HCI, pH 7.6 1 mM EDTA-Ng and dried in the speed vac
prr]qutelz Sequences dbesplte the A[%r;zsdence (?f rem_odeilm_g e times. The resuspended samples were restricted overnight with
chines. However, we observe an ATP-dependent stimulation Bt g * hhenol extracted, ethanol precipitated and resolved on a
N_Fl binding to a site S|_tuated ina n_ucleosomal linker. In contragtsoy, agarose gel. After electrophoresis the gel was blotted onto a
V\{Ith. NF1., th.e restriction enzymHinfl can access the NF1 ‘Quiabrane nylon-plus membrane (Qiagen) and probed with a
binding site in an ATP-dependent fashion, independent of ifgpeledEccRI-Bglll probe, a restriction fragment from the plasmid
position within a nucleosome or in the linker DNA. Thus, NFlpMMTVCAT B-B spanning 263 nucleotides in the CAT region,

binding to DNA within a positioned nucleosome requires chromatiinmediately downstream of the MMTV promoter (Fig)).
remodeling events distinct from those mediatitigfl cleavage.

pper-phenantroline cleavagéfter the assembly reaction,
amples were incubated with 1,10-phenantroline-cofjigrand
ase A for 15 min at 3T, treated with proteinase K in 0.2% SDS
37 C overnight, phenol extracted twice and ethanol precipitated.

MPE. Standard reconstituted chromatin or naked DNA were

diluted in CB buffer (15 mM Tris—HCI, pH 7.4, 60 mM KClI,

15 mM NacCl, 0.25 M sucrose). DTT and® were added just
MATERIALS AND METHODS before use to a final concentration of 2 mM each. Then, 0.1 vol

of a 10-fold concentrated reaction mix [1 mM MPE and 1 mM

(NHj)2Fe(SQ)».(H20)g in CB buffer] was added and aliquots of
1,10-phenantroline-copper, sarcosyl, micrococcal nucleagmch sample removed for analysis after 1, 5 or 10 min by stopping
(MNase), apyrase and ribonuclease A (RNase A) were obtaingtk reaction with 5 mM Bathophenantrolinedisulfonacid (Sigma)
from Sigma. Desoxyribonuclease | (DNaseHjnfl and T4 dissolved in HO, followed by two phenol extractions and ethanol
polynucleotide kinase were from Boehringer Mannheim. Therecipitation 82). Restriction, electrophoresis and indirect end-
Stoffel fragment of DNA polymerase was from Perkin Elmer. labeling was as described above for copper-phenanthroline products.
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Binding of recombinant NF1

.”“’“ Porcine NF1/CTF233) was expressed in Sf9 insect cells infected
with a baculovirus expression vector encoding an N-terminal
| - histidine-tagged protein. Purification of NF1 from the cell
extracts was achieved by chromatography on a Nickel column,

" - 3;’;4 N and resulted in >80% pure protein as judged by SDS-PAGE (

T

Dimethyl sulphate footprintingDimethyl sulfate (DMS) foot-
printing was performed as describe?). (Briefly, 10 ng of
50 . reconstituted chromatin were incubated &tQ@@ the presence
= I - of increasing amount of NF1 in TGA 90 buffer (10 mM Tris—HCI,
e 1110 pH 7.6, 90 mM NaCl, 1 mM Mgl 0.1 mM EDTA, 1 mM
T et - mercaptoethanol, 10% glycerol, 0.1 mg/ml BSA) apd 8f calf
8 - -— 08| 750 thymus DNA in a total volume of 100l. Modification was
soi|l= g @ | sss initiated by the addition of 043 of DMS. After 30 s the reaction
30 bp insertion® was stopped by addition of 25 DMS stop mix (1.5 M
350l 8@ | 370 Na-acetate, pH 7, 1 l@mercaptoethanol, 25@/ml tRNA) for
15 s, and the samples were phenol extracted, ethanol precipitated
' Eeots and used for PCR analysis.

&

Hinfl accessibility assay

Figure 1. Assembly of chromatin on MMTV plasmidsA) Schematic Hinfl digestion was perform_Ed at 26 using 200 ng of chromatln
representation of the wild-type (‘WT’) MMTV plasmid, pMMTVCAT B-B, DNA and 200 U of enzyme in 50 assembly reaction. Reactions
indicating the total number of base pairs, and the position of the MMTV LTR were stopped with 20 mM EDTA and 0.5% sarcosyl and the
fragment and of the CAT and SV40 sequences. The scheme underneath ﬂ%%mples were treated with RNase A and proteinase K. After

plasmid shows the Region of the MMTV-LTR included in this plasmid. HRR, th | initati d tricti |
hormone responsive region: NF1, NF1 binding site. Also indicated are theSt'@nol precipitation, a second restriction enzyme cleavage was

position of the oligos and the probes used for indirect end labeling or PCRO€rformed usin@ral and the DNA isolated. Twenty nanograms
amplification. The arrows indicate the elongation direction for the primers. of DNA were used as template for linear PCR with oligonu(;leotide

Numbers refer to the start of transcription on the MMTV promdgP ¢sition A25 as a prlmer (Flg :I_A) and the resultlng products were
of the 30 bp insertion between the HRR and the NF1 site (13) and the locatio :

of theHinfl site. Other symbols are as in (AL)(Determination of nucleosome analysed on a sequencing gel.
spacing with MNase. Chromatin assembled on pMMTVCAT B-B DNA was o
digested with increasing amounts of MNase and the resulting DNA fragmentd_inear PCR ampllflcanon

were analyzed by Southern blotting after electrophoresis on a 1% agarose gel .
in 1x TBE buffer. The numbers on the left indicate the size of the markers (landDNasel or MNase-treated samples were used as templates in a

M) in base pairs. The numbers on the right give the average size of the cleava@®0-cycle linear PCR reaction with the radioactive labeled
products. oligonucleotide primer A25 (AGGATAAGTGACGAGCGGA-
GACGGG) complementary to the region between +50 and +25
of the MMTV-LTR. For DMS footprinting analysis oligo-
High resolution analysis of chromatin structure nucleotide 1 (AATGTTAGGACTGTTGCAAGTTTACTC),
complementary to the region between +18 and —8 of the MMTV
promoter was used. Oligonucleotide primers were phosphorylated
with 100 uCi [32P]JATP per 10 pmol of primer, using T4
polynucleotide kinase, and purified by electrophoresis in acrylamide
gels. Primer extension reactions were performed with the Stoffel

: . . fragment of DNA polymerase as enzyme, using 300 000 c.p.m.
_(rangmg from 10's to 5 min). The reactions were stopped b(¥1‘a radiolabeled oligonucleotide and 10—20 ng of template DNA
incubation with 0.1 vol of 100 mM EDTA, 2.5% sarcosyl, andin a total volume of 5Ql. Amplified DNAS corresponding to
RNase A (1 mg/ml) for 15 min at 3, followed by treatment : P P 9

: . . o . chromatin and naked DNA samples were phenol extracted,
with proteinase K (1 mg/ml)in 0.5% SDS a t&7overnight. The .ethanol precipitated and analyzed on 6% acrylamide gels. Dried gels
samples were then phenol extracted twice and ethanol preci

|- . .
tated. For naked DNA controls, 14 of plasmid DNA was Rere analysed using a Phosphorlmager (Molecular Dynamics) and

digested with 0.25-1 W of MNase, phenol extracted, ethanol the ImageQuant software v3.0.
precipitated and used for PCR analysis.

MNase digestionDigestion with MNase was performed as
follows. After the assembly reaction, MNase and Ga@ire

added to a final concentration of 3uUand 2 mM, respectively,
and the samples were incubated at@6or different times

RESULTS
DNase | digestionAfter the minichromosome assembly, digestion . C
with DNase | was performed at 26 for different times. The Full loading of an MMTV promoter plasmid with

: - . . nucleosomes
amount of DNasel required for appropriate digestion was
determined empirically for each batch of enzyme. The reactiorfhe plasmid pMMTVCAT B-B encompassing the MMTV
were stopped and processed as described above for MNasemoter region (FiglA) (35 was used for assembly of
digested samples. For naked DNA controls [ig5of plasmid  minichromosomes using extracts prepared frbmosophila
DNA was digested for 1 min at 26 with 20-40 Uil of DNase |, melanogasterpreblastoderm embryos24). We first tested
phenol extracted, ethanol precipitated and used for PCR analysidether the nucleosomes deposited into the plasmid were
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properly spaced, by digesting the minichromosomes with MNasgte was found close to the centre of nucleosome BZBidane
and separating the resulting DNA fragments in agarose gels. \&). Thus, theDrosophila embryo extracts assembled nucleo-
to 16 nucleosomes could be distinguished in the ethidiumomes in a preferential translational frame similar to that found
bromide stained gel (data not shown). The actual spacing over tigo.
MMTYV promoter, determined by Southern blotting with a MMTV A high resolution mapping of the borders of nucleosome B in
promoter oligonucleotide, was close to #85bp at 120 mM salt the minichromosomes was performed using MNase footprinting,
(Fig. 1C), suggesting a tightly packaged nucleosome array. as previously reported’). A protected region was detectable
To quantitate the number of nucleosomes in each circular plasn@gtending from position —43 to approximately —190, corresponding
we counted the number of negative supercoiled topoisomers usitag that previously established for the main population of
two-dimensional gel electrophoresis. This analysis is based on thiecleosome Bn vivo (8). The proximal and distal parts of the
observation that each nucleosome assembled on a circular DNgtprint, from positions —65 to —43 and -190 to -170,
molecule introduces a negative superhelical tumn. The resultimgspectively, were less clearly protected (B)g.as previously
topoisomers can be separated by electrophoresis in one-dimensiaeglbrted for other positioned nucleosont,(leaving a central
(36) or two-dimensional gels26,30). The minichromosomes more clearly protected region 6fL00 bp. The footprint was
reconstituted in thédrosophila embryo extracts exhibited a flanked by a cluster of strong hypersensitive sites between —43
distribution of topoisomers ranging from —22 to —29, centred arourahd —37 and another hypersensitive site at —2003Figimilar
—26 (data not shown). Given the size of the plasmid (5121 bp) atwithose found irs.cerevisiastrains carrying MMTV promoter
a nucleosome spacing of 188 bp, this number of topoisomessquences/§, which likely correspond to the beginning of the
corresponds to the expected value if the plasmid was fully loadédker DNA. Thus, the majority of the minichromosomes
with histone octamers. These results suggest that a largesembled in thBrosophilaembryo extracts carry a nucleosome
proportion of the plasmid DNA is loaded with a full complement oB over the MMTV promoter with the previously reported main
regularly spaced nucleosomes in Biresophilaembryo extract. translational phases.

Translational nucleosome positioning over the MMTV Effect of salt and histone H1

promoter ) o
The spacing of nucleosomes in minichromosomes assembled

Nucleosome positioning can be defined by two parameters: tgth Drosophilaembryo extracts has been shown to increase with
rotational phasing, which describes the relation between tliecreasing salt concentratio®9j. We have confirmed these
nucleosome and the helical periodicity of the DNA, and théndings in respect to general spacing of nucleosomes with the
translational phasing, which describes the position of thBIMTV containing plasmid, using three different hybridization
nucleosome relative to a given point along the DNA moleculgrobes located over the nucleosome B, over nucleosome A and
The nucleosome B over the MMTV promoter, which covers thever the CAT gene. The results were very similar if not identical
HRR, has been shown to exhibit preferential translational analith all three probes (data not shown). The spacing was160
rotational phasing in intact metazoan celi$,g), in the yeast 5 bp at 60 mM, 17& 5 bp at 90 mM, 18% 5 bp at 120 mM, and
Saccharomyces cerevisigf), and when reconstituted into 190+ 5 bp at 150 mM salt. At this high salt concentration,
mononucleosomein vitro (10-13). Therefore, we next tested however, digestion was more advanced and the individual bands
whether this preferential nucleosome positioning could benay already represent trimmed degradation products.
reproduced in thBrosophilaembryo extract. Various nucleolytic  Despite the changes in apparent nucleosome spacing at the
agents and analytical techniques were used to assay the structuesious salt concentrations tested, the positioning of the nucleosome
organization of the reconstituted minichromosomes. Low resolutidd over the MMTV promoter determined by MNase footprinting
analysis was based on cleavage with Cu-phenantrdlifeof  did not change significantly (data not shown). However, the
methidium-propyl-EDTA-Fg (MPE) 32), followed by indirect pattern of nuclease cleavage was qualitatively influenced by the
end labeling §7). These chemical nucleases were preferred tealt concentration. In minichromosomes assembled at 60 and
MNase, as they do not exhibit the strong sequence preference of #lemM salt the cleavage pattern in the proximal linker DNA was
enzyme within the MMTV promoter. As expected, cleavage wittmore similar to the naked DNA pattern but still hypersensitive
Cu-phenantroline did not produce distinguishable bands on nakeites were detected in this region. At 150 mM salt the footprint
DNA (Fig. 2A, lane D). However, digestion of assembledwas less evident suggesting that the nucleosomal structure is
minichromosomes generated a ladder of periodically spacetbstabilized at this high ionic strength. Independent of the salt
preferential cleavage sites revealing a whole array of translationaéigncentration in the assembly reaction, the strong preferential
positioned nucleosomes (FBA). At this resolution, the nucleo- MNase cleavage sites observed with naked DNA at -84 and —100
some positions, as determined using as molecular weight markensere protected in minichromosomes, indicating that this region
100 bp DNA ladder and MMTYV restriction fragments, were in goodvas covered by nucleosomes in all cases.

agreement with those mapped in living céll8). In particular, the Another parameter that influences the nucleosome spacing is
cleavage site foBad—Sst, which is known to map close to the the presence of linker histone H1, which is absent from
centre of nucleosome B vivo (8), was also found between two preblastoderm embryo extraci9). To investigate the effects of
preferentially cleaved regions (FRA, lane S). This similarity was histone H1 on the nucleosome structure, a chromatin assembly
confirmed in a direct comparison of the MPE digestion patterreaction was performed at 120 mM salt in the presence of
obtained with reconstitutedinichromosomes angith chromatin  stoichiometric amounts of this linker histone. As expected, the
from BPV cells carrying episomally integrated MMTV sequencespacing of the resulting material was increased by 20 bp when
fused to the CAT gen&)(Fig.2B). In both cases, a similar ladder compared with control reactions in the absence of linker histones
of preferentially cleaved regions was observed an8#ldeSst ~ (data not shown). The effect was similar with hybridization
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Figure 2. Low resolution mapping of nucleosomes positioni#g. Minichromosomes were digested with Cu-phenantroline and the DNA products analyzed by
indirect end labeling. Lane D, Cu-phenantroline reaction on naked DNA,; lanes S and H, plasmid DNA restrieteRhathd withSad or Hinfl restriction enzymes,
respectively; lane M, 100 bp ladder as molecular weight markers with two main fragments of 600 and 2072 bp; lanes 4+8et{th&,cbi2, 4 and 10 min) of

the reaction on reconstituted minichromosomes. The nucleosomal ladder that appears upon addition of Cu-Phe MPA corafilexas irafislationally positioned
nucleosomes with the nucleosomal linkers located at approximately —33, —220, —418 and —610. The scheme on the right srnaEpgmowmate positions of
nucleosomes A, B, C and DB) MPE digestion pattern oim vitro reconstituted minichromosomes compared with digestion pattern obtainvégb with
C127-BPV-MMTYV cells that carry 100-200 episomal copies of a BPV vector with MMTV promoter sequences linked to the CAT Gere(B)it a direct
comparison of the digestion products, chromatin from control C127 cells was added to the minichromosomes (lanes 3—Ptpdayestigh. The DNA products

were analyzed by indirect end labeling with BeeRI-Bglll probe shown in Figure 1A. Lane M, two restriction fragments of 600 and 2072 bp as size markers; lane S,
plasmid DNA restricted witEcaR| and withSad; lanes 3—7, time course of the digestion of minichromosomes mixed with C127 chromatin; lanes 8-12, time course
of the digestion of chromatin from C127-BPV-MMTV cells. The inclined band extending 2680 on lanes 3 and 4 to —800 on lanes 10-12 is likely an artefact,
which does not influence our calculation of the nucleosome positioning between —610 and +187. Numbers and the scherenoargfie sig as in (A).

probes corresponding to either nucleosome B, nucleosome Asetting on nucleosome B, likely determined by the torsional
to the CAT gene. However, a high resolution analysis of thanisotropy of the nucleotide sequenég)(

translational position of nucleosome B did not reveal significant

structural differences attributable to the presence of histone H1. ) ]

In particular, the strong cleavage sites at -84 and —100 weNé1 does not bind to the MMTV promoter assembled in
protected in minichromosomes, and hypersensitive sites wefginichromosomes

found in the proximal linker DNA region. Thus, despite the

effects on the apparent nucleosome spacing, addition of histohB€ dynamic properties of throsophilaassembly system allow
H1 did not change the preference of nucleosome B for tiHVariety of transcription factors to access their binding sites in
translational phases previously foundsivo. chromatin £6,41-43). However, in previous studies nucleosomes

were not positioned with respect to the underlying DNA sequence.
- - We and others have previously shown with reconstituted mono-
Er(z)tr?]tgigsl phasing of the nucleosomes over the MMTV rjut;leosomes, that the inclusion of the NF1 binding sit_e V\_/it_hin the
limits of a nucleosome preclud€<(13,14) or drastically inhibits
To analyze the rotational orientation of the double helix on thgl4) binding of NF1lin vitro. We therefore tested whether the
surface of thén vitro assembled nucleosome B we used DNasgbositioned nucleosomes reconstituted in the context of a nucleo-
digestion, which should yield a pattern of preferential cleavageomal array with dynamic properties would also prevent NF1
sites spaced byiLO bp if a dominant rotational phase is presenfrom interacting with its binding site. Using DMS genomic
(11). The results shown in Figudeshow a pattern of cleavage footprinting we detected binding of histidine-tagged recombinant
sites (indicated by arrows) spaced ) bp, as previously found NF1 to the MMTV promoter on free DNA, but failed to observe
in vivo(8) and inin vitro assembled mononucleosortiel. This  protection over the NF1 site in promoters assembled into
pattern alternates with protection of cleavage sites (indicated byinichromosomes (FighA, compare lanes 4 and 7). These
circles), which has also been observed in previous reconstitutierperiments were performed in the presence of ATP, suggesting
experiments{1). Protections and enhancements in the DNasethat the NF1 binding site was not exposed for protein binding
cleavage of chromatin compared with free DNA are present alsmder conditions that allow functioning of the remodeling
further downstream, but the 10 bp periodicity starts with a stroragtivities present in therosophilaembryo extractsi@). To test
enhancement at position —42 followed by enhancements whether components of the assembly reaction were responsible
—51/-53 and protections at —57/-59 and —66. Positions —73, —&dr, the lack of binding of NF1, we allowed NF1 to bind to free
-91,-101, -112, -121, -132, -145 and —155 are either enhand&d TV DNA in the presence of the assembly extract but without
or preferentially recognized by DNasel, while several positionallowing chromatin reconstitution to take place. Under these
in between are protected. We conclude that the MMTV promoteonditions, we did not observe an inhibition of NF1 binding (data
sequences in minichromosomes adopt a dominant rotationadt shown).
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Figure 4. Rotational phasing of nucleosome B. The rotational setting of
nucleosome B was determined by DNase | digestion of the minichromosomes
) . . . . I followed by linear amplification (see Material and Methods). Lanes C and G,
Figure 3. High r_esolutlon mapping of t_he translational positioning _Of cytosine and guanine specific sequencing reactions; lane N: DNase | digestion
n_ucleosomg B. Minichromosomes reconstlt_uted at 120 mM salt were _m||d|y pattern on naked DNA; lane M: minichromosomes digested for 5 min with
digested with MNase (20 s at'2B) and the digestion pattern was visualized DNase |. The alternate preferentially cleaved (arrows) and protected sites

in a linear amplification reaction with oligonucleotide A25 (Fig. 1A). Lanes G (circles) with(1L0 bp periodicity are indicated. The numbers refer to the distance

and A, guanine and adenine specific sequencing reactions; lane D, MNasg,, the transcription start site. The scheme on the right shows the position of
digestion pattern on naked DNA; lane Ch, chromatin sample treated with nucleosome B as determined by MNase footprinting (Fig. 3).

MNase. Cleavage sites protected in chromatin are indicated by open circles;
hypersensitive sites are marked by black arrows. The region between the grey
arrows (—60 to —165) is more clearly protected in chromatin. The numbers refer
to the distance from the start of transcription. The diagram on the right showapyrase (Fig.5B). Thus, the NF1 binding sequences are
the approximate pOSItlon of nucleosome B. The location of the NF1 blndlng Slt%cceSSIble for restnctlon enzyme Cleavage When pOSItloned
is indicated by a white box. s . - . .
within a nucleosome, provided that ATP is available, which
demonstrates that nucleosome B can in principle be the substrate
_ ~ forremodeling machines like CHRACI). We conclude that the
These unexpected results suggest that, in contrast with @lhbility of NF1 to access its binding site in minichromosomes

previously reported data witDrosophila extracts, the NF1 |ikely reflects the specific nature of its interaction with DNI&)(
binding site over the MMTV promoter remains inaccessible for the

histidine-tagged recombinant NF1 when the promoter is organizggl,
in nucleosomes. To test whether the lack of binding of NF1 to ther
MMTV promoter in minichromosomes reflects a property of the
recombinant protein or rather a general inaccessibility of the targétis possible that the assembly of the MMTV promoter in
sequence due to a positioned nucleosome, we performetnichromosomes creates a topological conformation of DNA
experiments with restriction enzymes and with promoter mutatioiscompatible with the NF1 binding independent of precise
designed to alter nucleosome positioning. nucleosome positioning. To test this possibility we reconstituted
minichromosomes into a plasmid carrying a 30 bp insertion
The restriction enzymeHinfl can access the NF1 site on the Petween the HREs and the NF1 site (Flg). We have
MMTV minichromosomes in the presence of ATP pr_ewously shown in mononu_cleosome assem_bly reactions, that
this insertion moves the NF1 site to the linker region downstream of
The upstream half of the NF1 binding site within the MMTVnucleosome B1(3). In contrast with the results with the wild-type
promoter includes the recognition sequence for the restrictiddMTV, we did detect DMS protection over the relevant guanines
enzymeHinfl, GAATC. This allowed us to compare the ability of of the NF1 binding site with minichromosome reconstituted on the
Hinfl to cleave the MMTV promoter in mock assembled30 bp insertion mutant (Fi§A). The protection, however, was 50%
minichromosomes and in minichromosomes with positionedf that found in free promoter DNA, suggesting that binding to the
nucleosomes over the promoter. In addition, to test wheth&1 site in the minichromosomes with the 30 bp iises is still
cleavage was ATP dependent, we performed the reaction in trestricted to some extent. This could be due to the heterogeneity
presence or absence of apyrase, which degrades any ATP in ¢fighe nucleosomal organization of promoters containing this
extract £6). The time kinetics of cleavage shows that whereamsertion (L3), as high resolution analysis of the translational
mock assembled promoter DNA was cleaved with equal efficiengyositioning of nucleosome B revealed that only in 50% of
in the presence or absence of apyrase, the promoter assembledimchromosomes was the NF1 site located in the linker region
minichromosomes was efficiently cleaved only in the absence @ata not shown). Moreover, binding to the 30 bp insertion mutant

ving the NF1 site to the nucleosomal linker allows
P-dependent NF1 binding to minichromosomes
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Figure 5. Access of NF1 andinfl to the wild-type MMTV promoter in
minichromosomes.A) Binding of NF1 as assayed by DMS footprinting. -~
Naked DNA and reconstituted chromatin (corresponding to 10 ng DNA) were 1 2 3

incubated with recombinant NF1 for 30 min af 26in the presence of 1 mM
ATP and subjected to DMS footprinting. The amount of NF1 (ng) added is
indicated above each lane. The guanine residues contacted by NF1 are indicat gure 6. Access of NF1 ancHinfl to the 30 bp insertion mutant in
by an arrow. The S.Che”?e on Fhe _right shows th_e position of nucleosome B an inichrorﬁosomes A) Binding of NF1 as assayed by DMS footprinting
g‘ﬁ A’\)”:v&efgeégs)eagfasc‘ingg ‘évggg:ggd w\MhIZteﬂggcgfy&Z?&%i %??NEE heat Experimental conditions were as described in Figure 5A but using a plasmid
inactivated (86C for 10 min)Drosophilaembryo extract to yield fhe mock Wwith the 30 bp insertion mutant of the MMTV promoter. Quantitation using a
: ; - Phosphorimager showed that the average protection of the NF1 site (indicated
assembled control. During the last 10 min of the assembly reaction the sample%y two arrows) in minichromosomes was 50% of that found with naked DNA
were divided in two halves. One half was treated with apyrase (4 Uy@t .26 verage of the results obtained with 10 and 20 ng of NF1). The scheme on the
and the other half served as a control. After assembly, the samples were digest ht shows the expected position of nucleosome B and the NF1 binding site
at 26°C with 100 U ofHinfl for the indicated times, and the DNA was purified (B) Effect of apyrase on NF1 binding. DMS footprinting analysis was '
anq rest_ricted Wit@ral. The d_igestion product_s_ were ar_]alyzed by linear PCR performed as in (A), but two samples Weré incubated in the presence of apyrase
gﬂggeﬂ'?%nﬁeﬁgd:r :ﬁ\sd |((';:(;I\?e c}A)_ The positions ofthefl uncleaved and (4 V) as described in the legend to Figure 5B. The position of the guanines
9 ’ contacted by NF1 are indicated by an arrow. Only a narrow window of the
sequencing gels is shown and the gel was run for a shorter time than in A.
. . . (ﬁ) Cleavage byinfl. The reactions were performed as in Figure 5B, except
was dependent on ATP, since we did not observe NF1 binding #at incubation wittHinfl was for 2 min. Lane G, guanine specific sequencing

apyrase was included in the reaction (FB8). As expected, reaction. The position of théinfl cleavage products are indicated by an arrow.
cleavage by the restriction enzyimfl of the minichromosomes
carrying the 30 bp insertion mutant of the MMTV promoter was

s reduced n he resence of sprase G e concude  SITLY COMpabie wib e lackg Inker Hetonce, b he
that, while the chromatin remodeling activities present in th D g

, 0 oo : o
Drosophilaextract are sufficient to mediate access of NF1 to it E;ntigfet\jlv\?v?thg I/DohoV\sIBﬁ:)er?rialge:timgriiigc?ngoxifaﬁgnﬁ) as
target sequences located on linker DNA, they cannot facilita histone H1 into the minichromosomes slightly reduced but did

binding of histidine-tagged recombinant NF1 to a site locate L . o
over a positioned nucleosome, ot preclude binding of NF1 to its cognate within linker DNA.

NF1 binding to the 30 bp insertion mutant is not influenced DISCUSSION
by histone H1 Reconstruction of MMTV promoter chromatin structure in

. . - ._minichromosomes
Having shown that a fraction of the minichromosomes carrying

the NF1 binding site in the linker between nucleosomes B and Fhe aim of this work was to recreate the well characterirédo

was able to bind histidine-tagged recombinant NF1, the questichromatin organization of MMTV promoter sequences in a
arose of whether this binding would be influenced by addition afell-free system, capable of generating long nucleosomal arrays
linker histones, which are supposed to contact linker DA\ (- under physiological conditions. To this end, we used extracts from
To test this we incorporated histone H1 into the minichromosoni@rosophila preblastoderm embryos24). However, previous
assembly reaction in amounts that generate an increaseaittempts to positioned nucleosomes using the well-known 5S
nucleosome spacing of 20 bp (data not shown), and performddNA derived positioning elements in the dynamiosophila
DMS footprinting experiments with and without recombinantassembly system were unsuccesgf).(Successful nucleosome
NF1 (Fig.7). The results show that, in the presence of ATP, NFfositioning involved sequence-specific binding protein that served
is able to bind to the H1-containing minichromosomes with aas boundaries for the statistical positioning of nucleosoe$
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lacks linker histones/}, an interaction of histone H1 with NF1
recognition sites has been suggesi&l @nd a relative depletion
of histone H1 has been described following hormone induction
(49). Since extracts fror@rosophilapreblastoderm embryo are
devoid of histone H1 and we observed the same nucleosome
positioning as in mammary cells, it seems that histone H1 does
not play an essential role in determining the position of the
nucleosomes in the MMTYV promoter. Nevertheless, we tested the
#-<| ®w= protection: effect of adding exogenous histone H1 on the chromatin structure of
= - 71% 475 the MMTYV promoter. As expecte@9), addition of stoichiometric
- - amounts of histone H1 during the chromatin assembly reaction
& o led to an increase in spacing of 20 bp no matter whether the probe
12 3 4 used for Southern analysis corresponded to nucleosome B or to
other regions of the plasmid. However, there was no significant
Figure 7. Influence of histone H1 on NF1 binding to MMTV minichromosomes difference in the high-resolution MNase footprint generated by
ca%rying. the 30 bp insertion. Minichromosogrlne assembly reactions Werenudeosome B, in particular concerning the prox'mal border of th.e
performed with a plasmid containing the MMTV 30 bp insertion mutant, in the NUCle0osome. These results confirm the lack of influence of this
absence of added linker histones or in the presence of stoichiometric amountinker histone on the translational positioning of nucleosome B

of histone H1 (1 molecule per nucleosome). Binding of NF1 (20 ng) was(7) and support a strong dominant role of the underlying DNA
measured by DMS footprinting as indicated in the legend of Figure 5A. Left, sequence.

autoradiogram of the sequencing gel. The two guanines protected by NF1 are

indicated by an arrow. The predicted position of nucleosome B and the NF1

binding site are shown on the left margin. Right, Phosphorlmager quantitation _ . Lo -
of the extent of protection. Only the scans around the NF1 site are shown. TI‘ATP dependent chromatin remOde“ng is not sufficient for

numbers indicate the corresponding lanes. The percentage protection in tﬂg”:l binding to nucleosome B but enables accesstihfl to
presence of NF1 is indicated. the NF1 site

NF1 = &+ =

In agreement with previous results with mononucleosomes
E.Bonty and P.B.Becker, unpublished observations). In contraggconstituted by salt dialysis we could not detect binding of
when assembled in tirosophilasystem as part of a long array recombinant NF1 to the MMTV promoter assembled in mini-
of nucleosomes, nucleosome B, which covers the hormoréromosomesli(,13). The lack of binding was observed in the
regulatory region of the MMTV promotén vivo, showed the presence of concentrations of ATP that support the function of the
same dominant translational and rotational phases previouggmodeling activities in thBrosophilaembryo extract. This lack
found in metazoan and yeast cells. The similarity of th@f NF1 binding in the presence of ATP is in contrast with the
nucleosomal organizatian vivo andin vitro is demonstrated at behavior of other transcription factors, such as the GAGA factor
low resolution by comparing the MPE digestion patterns of th€26,41), heat shock factor@), TTF1 @3), and Gal4 derivatives
minichromosomes assembladiitro and of chromatin from cells  (27),which are able to bind to minichromosomes containing the
carrying episomal copies of the MMTV promotes).(The corresponding cognate sites. The lack of binding is not due to
translational positioning of nucleosome B was confirmed by highithibitory factors in the extract, since NF1 binding to naked DNA
resolution footprinting with MNase, and the dominant rotationayvas not affected by addition of tBeosophilaembryo extract in
phase was established by the preferential cleavage of DNas&g absence of chromatin assembly. The discrepancy with other
Our analysis does not distinguish between a single translationéeviously studied promoters in minichromosomes likely reflects
frame and two adjacent frames with the same rotationdne preferential positioning of nucleosome B, since in previous
orientation 47). We conclude that the MMTV promoter containsSystems nucleosomes were not translationally positioned and the
sequences particularly suited to direct nucleosomal positions. location of nucleosomes was more dependent on ionic strength

and DNA topology than on DNA sequendé), We hypothesize
Salt and histone H1 do not change the footprint of that the observed inability of NF1 to interact with nucleosomal
nucleosome B binding sites may either be due to a particular sensitivity of the

factor to nucleosomal inhibition and/or to the increased resistance
The nucleosome repeat length of chromatin reconstituted of well-positioned nucleosomes to remodeling processes.
extracts varies as a function of the ionic conditid®®.(The This interpretation is supported by the results obtained with the
preferential positioning of MMTV nucleosome B, determined by80 bp insertion mutant, in which the NF1 binding site is exposed in
MNase footprinting, was not altered when the nucleosome repela¢ proximal linker of nucleosome B3J). Although the exact
length of the array was altered by varying the salt concentratiowcleosome structure of this mutant promoter in minichromosomes
in the assembly reaction between 60 and 120 mM. This indicatesheterogeneous, binding of NF1 to a significant fraction of the
a dominant influence of the underlying sequence, an interestipgomoters is observed. This binding was dependent on ATP,
contrast with experiments using the 5S rDNA positionindikely reflecting the requirement for chromatin remodeling
element 46). It remains to be established whether the position dctivities present in the extract. Thus, accessibility to the linker
other nucleosomes within the minichromosomes is dependent BINA adjacent to a positioned nucleosome is an energy dependent
salt concentration. process in minichromosomes, whereas it takes place in the

The role of linker histone H1 in regulation of the MMTV absence of ATP in reconstituted mononucleosorhgs This

promoter is unclear. Although the MMTYV promoter is regulatedinding suggests that NF1 access to the linker DNA in the
normally when introduced it%.cerevisiagwhich supposedly minichromosomes may be restricted by a higher order structure
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of the nucleosome array, which must be overcome in anAlternatively, histone acetylation could be involved in hormone
ATP-dependent process. receptor-dependent chromatin remodeling. Steroid receptors have
Incorporation of histone H1 into the minichromosomes, abeen shown to recruit co-activators, such as CBP/g3081) and
demonstrated by the 20 bp increase in nucleosome spacing, 8idC-1 62), which either exhibit histone acetyltransferadéviag
not preclude NF1 binding to the nucleosomal linker in the 30 bf$3,64) or are able to recruit further histone acetylating proteins,
insertion mutant. We have not mapped the exact contacts betwegigh as P/CAFS). In line with this notion, partial inhibition of
histone H1 and the MMTV promoter, but our results ardlistone deacetylases by trichostatin A activates the MMTV
compatible with a recent model proposing an asymmetric bindirgfomoterin vivo in the absence of hormone and potentiates
of linker histones within the gyres of the nucleosoRte%2). hormone-dependent inductidit). However, direct evidence for
In contrast with NF1, the restriction enzymmﬂ can access a Change in histone acetylation fO”OWing hormone induction is
the NF1 binding site in minichromosomes in the presence of ATRtll unavailable. The MMTV minichromosomes assembled in
independent of whether the site is located within the positiondfe Drosophilaembryo extracts represent an additional tool for
nucleosome B or in the adjacent linker DNA. It seems, therefor&tudying these processesvitro.
that access of restriction nucleases to chromatin is not equivalent
to binding of sequence-specific transcription factors. ThigcKNOWLEDGEMENTS
difference may reflect the different methods used to detect
binding of restriction enzymes and of high affinity transcriptiorwe thank Bernhard Gross and Hannes Westphal, IMT, for
factors. Each time a restriction enzyme contacts its targptoviding purified recombinant NF1, and Jorg Klug for carefully
sequence on DNA it generates a cleavage that can be subsequeatiging the manuscript. P.V. and L.D.C. were postdoctoral fellows
detected as a positive signal in the linear PCR analysis. bf the Cenci-Bolognetti Foundation. M.K. was a predoctolialfe
contrast, binding of NF1 is measured by DMS methylatiorof the Graduierten Kolleg ‘Tumorbiologie’. The experimental work
protection, and requires that a significant fraction of thevas supported by grants from the European Union, the Deutsche

recognition sequences is occupied at a particular time point k®rschungsgemeinschaft and the Fonds der Chemisuthastrie.

generate a negative signal, a footprint, in the PCR analysis. It is
also possible that the different ways in which restriction enzym
and high affinity transcription factors contact DNA determine th
differential binding to nucleosomally organized sequeregs ( 4
WhereadHinfl contacts only 5 bp, GAATC, over one-half of the 2
palindromic NF1 site, NF1 contacts 5 bp in each half of the
palindrome which are separated by 5 bf).(It remains to be 3
established whether this behavior is a peculiarity of the recombi;
nant histidine-tagged NF1 or reflects a more general binding
behavior of transcription factors when faced with translationally>
positioned nucleosomes. 6

Our findings are compatible with the notion that positioned,
nucleosomes contribute to transcriptional repression of the
MMTV promoter in the absence of hormone. They also haves
implications for the mechanism of hormonal induction of the
MMTYV promoter in chromatin. It seems that the ubiquitously;q
available ATP-dependent chromatin remodeling activities weres
not sufficient to facilitate binding of NF1. Nucleosome remodeling2
has to be initiated or targeted by steroid hormone receptors.
contrast with NF1, steroid hormone receptors are able to interact
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