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ABSTRACT for free DNA @-11). Another class of factors has an even lower
— . L . affinity for nucleosomal DNA, by at least two orders of
The organization of DNA into chromatin is important in magnitude. Nuclear factor 1 (NF-1,12-14) and TBP {5,16)

the regulation of transcription, by influencing the
access of transcription factors to their DNA binding
sites. Nuclear factor 1 (NF-1) is a transcription factor
which binds to DNA constitutively and which interacts
with its cognate DNA site with high affinity. However,

belong to this category.

The NF-1 family of transcription factors participates in
transcriptional regulation of a great number of genes in many
different cell typesX7). The family is encoded by four different
: oD . genes {8) and further diversity is created by differential splicing
B e 0 oo (119, Al RF-1 prtens bind 25 homodimers to DNA 1
Here we demonstrate that the introduction of stretches gﬁfr gégﬁ;ﬁ caendT(rseGCz?(rlu(T;Qanﬁagof allTnhder om |tc erclgir;]Sael nsus
ﬁlfsciet’)‘lg‘;igfgﬁggggs5:;ﬁ§ng§f§f}:§ 2?]”;\]??183;:12{;% domain of NF-1 is the domain which binds to DNA. It is highly
to a nucleosomal, but not to a free, NF-1 binding site conserved and shovys no hpmology to any of the other known
The position of the A-tracts, relative to the rotational cl?sses of PNA blndmghmclilt;IQlLE)Z_Z()j._ ite is he bindi
phase of a synthetic DNA bending sequence, the _In several promoters, the NF-1 binding site is close to the binding
TG-motif, decides whether the NF-1 affinity increases ;slte(s) of other transcription facto_fs7(23,24). One example of this
or decreases. The NF-1 binding affinity is seven times IS the mouse mammary tumor virus (MMTV) promoter, where the
stronger when the flanking A-tracts are positioned NF-1 binding site is next to several binding sites for the GiR (
out-of-phase with the TG-motif than it is when the In the living (_:eII thl_s NF-1 site is only occupied after glucocorticoid
A-tracts are positioned in-phase with the TG-motif. We hormone_z stlmul_atlo_n 25.26). It has been suggested t_hat_ the
demonstrate that this effect correlates with differences chromatin organization of the DNA prevents NF-1 from binding to
in DNA curvature and apparent histone octamer the unln_duced MMTV promoter, i.e. in the ak_)sence of bound GR
affinity. We conclude that DNA curvature influences (25). This hypotheSIS is supportedibyitro studies demonstra}tlng
the local histone-DNA contacts and hence the ':jhat the %ﬁ'nr']ty Otfh Ngl\ll A]‘or the I\QM;I]'_\/hprongo_ter tﬁ d,\rlia:sgck?llyé_

o 1 aita ecreased when the segment which contains the NF-1 binding
accessibility of the NF-1 site in a nucleosome context. site is reconstituted into nucleosomeslp14,27). The NF-1
binding site in the MMTYV promoter is rotationally positioned so that
INTRODUCTION its major grooves face the histone octamer. This has been shown
Recognition of specific binding sites in DNA by transcriptionbothin vitro (4) andin vivo (26). However,in vitro studies have
factors is the initial step in the induction of gene expression. In titkemonstrated that the low affinity of NF-1 for its nucleosomal
living cell, the DNA is organized as chromatin whose basibinding site does not depend on the translational or rotational
structural unit is the nucleosom®.(Current belief is that the positioning of the NF-1 site, but is an inherent property of the NF-1
packaging of DNA into chromatin represses gene expression psotein (L3,14,27). In the former study we vaired the rotational
limiting the access of transcription factors to their specific DNApositioning of the nucleosomal NF-1 site by placing it into two
sites Q). In vitro studies have examined how the organization oflifferent rotational frames relative to a synthetic DNA bending
DNA within a nucleosome affects the access of transcriptiogequence, the TG-moti2§). The TG-motif was used to direct the
factors. Some factors interact with nucleosomal DNA withrotational setting of the nucleosomal DNA.
affinities that are only slightly lower than their affinities for free The nucleotide sequence affects nucleosome stability through
DNA. Examples of this are the glucocorticoid receptor (GRIits effect on the curvature and bendability of DN29)( We
(3-5), the progesterone receptos),( the thyroid hormone wondered to what extent the flanking DNA sequence context of
receptor {) and Fos/Jung). Other factors such as Gal4, c-Myc, an NF-1 binding site influences its affinity for NF-1. A-tracts are
heat shock factor, SP1 and TFIIIA bind nucleosomal DNA wittstraight and rigid and thus they affect DNA curvature and
an affinity at least one order of magnitude lower than their affinitinfluence histone—-DNA contacts in nucleosomé&§).( We
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decided to try to destabilize histone—DNA contacts around tH@3). Quantification of NF-1 binding was done with a Phosphor-

nucleosomal NF-1 site by positioning of A-tracts next to the NF-Imagef] and ImageQuant software (Molecular Dynamics).

binding site and to evaluate the effect on NF-1 binding. Reference bands were used to compensate for variations in
Here we show that A-tracts of length 5 bp placed on both sideample loading and DNase | digestion or DMS methylation.

of an NF-1 binding site may either increase or decrease its affinity

for NF-1. The NF-1 binding affinity increased when the A-tractreparation of NF-1

were positioned out-of-phase relative to the A/T triplets of th . . ,

surrounding DNA-bending sequence, i.e. the TG-motif. Converse%?cc.m.]b'n.ant NF-1 was prepared from Hela cells infected with

NF-1 binding decreased when the A-racts were positioned {ffcciniavirus that contained a full-length clone for NF-1 with six

rotational phase with the TG-motif. These effects on NF- istidine residues fused to the N-terminds)( The NF-1 was

o - > X i
binding affinity correlated with the effect of DNA sequence orPurified using Ni*-NTA-agarose, as described previoust)

both DNA curvature and histone octamer affinity. We conclud
that nucleosomal DNA accessibility can be drastically modulat
by flanking DNA sequences. This may have been exploited in t
evolution of different promoter strengths, for example, and in thighe amount of free DNA in the nucleosomes was analyzed by

nalysis of nucleosomes by electrophoretic mobility shift

way it may moderate gene expression. electrophoretic mobility shift assay. 5000 c.p.m. of probe, either
free or nucleosomal, was diluted toj#Qvith GR binding buffer
MATERIALS AND METHODS (20 mM Tris—HCI, pH 7.6, 1 mM N&EDTA, 10% vl/v glycerol,
) ) 50 mM NacCl, 5 mM DTT, 0.1 mg/ml bovine serum albumin)
Plasmid constructions containing bromophenol blue to a final concentration of 0.0125%

&pd analyzed on 4% non-denaturing acrylamide dglsThe
amount of free DNA was quantified by the use of a Phosphorl-
magef] and ImageQuaht software (Molecular Dynamics).

We have previously described the construction of plasmids whi
contain a single transcription factor binding site in the syntheti
DNA-bending sequence referred to as the TG-mB}if Flasmids
No4 and Ni4 have been described elsewhéf@. (Al DNA
segments which were used for construction were obtained frogNA curvature

synthetic oligonucleotides. AN0A3.5 was constructed by cloning Bhe program BEND was used to calculate sequence-dependent
40 bp DNA segment containing a TG-motif and an NF-1 bindingurvature 82). In this program, the specific curvature at base pair
site flanked by -TTTTT- upstream and -AAAAA- downstreamN is defined as the angle between normal vectors at base pairs
(ANOA, the sequence of the top strand is shown inIAYy. The  N-15 and N+15.

NF-1 site was derived from the MMTV promotéi3]. The DNA

segments were cloned into the asymmefid site of plasmid  Relative histone octamer affinity assay

pGemQ2 §). The 40 bp of ANoA was followed by three 20 bp . .

DNA segments of the synthetic DNA-bending sequence referred2auots of 0.5 pmol of each of the 161 HroRI-Hindlll

as the TG-motif 8 (TG) and a 10 bp DNA segment of fragments from No4, ANoA3.5 and ANIA3.5, each ohertd-
DNA-bending sequence, half a TG-motif (WTG). Hence a totdpPeled with T4 polynucleotide kinase at thiedill site, were
number of 3.5 TG repeats were inserted after the ANoA segmeftixed- These were used in each of three parallelitro
ANiA3.5 differed from ANOA3.5 only in that the NF-1 binding Nucleosome reconstitutions (above) but with the indicated
sequence with the flanking A-tracts was moved 5 bp upstrea?r'inounts of !ong chromatin in the reconstitution mix. Chromatin
relative to the DNA-bending sequence (the sequence of the tﬁﬁs quantified at 260 nm where 1 OD unit equalsi§0of
strand is shown in Fid.A) which caused rotation by 18@f the ~ chromatin. We used less long chromatin than is normally used for
NF-1 site relative to the TG-motif. These DNA constructs were cdff Vitro nucleosome reconstitution; 0.5, 0.17 and 0.06 times. The
out from their parental plasmids as 161 bp I@wgRI-Hind!l| mononucleosomal DNA was recovered by extraction with
DNA fragments which were used for nucleosome reconstitution. T€nol/chloroform (2:1) and precipitation by ethanol in the
be precise, these inserts contained 157 bp of double-stranded DRI&SENCe of fig Escherichia coltRNA as carrier. The recovered

and 4 nt of 5protruding DNA at each end. The first nucleotide inDNA was cleaved withHinfl and then re-extracted with
the top strand, thECcRI site, was given number 1. phenol/chloroform 2:1 and ethanol precipitated. Pellets were

dried and dissolved in loading buffer, separated on a denaturing
polyacrylamide gel and the relative amount of each DNA
fragment in the mononucleosomal fraction was quantified by

DNA end-labeling with ¥-32P]ATP and fragment isolation have Phosphorimager analysis. This was then compared with the
been described previousi,$). Nucleosome reconstitution and relative amounts in the original DNA mix which had been used
purification ofin vitro reconstituted mononucleosomes by glycerofor nucleosome reconstitution.

gradient centrifugation were performed as described previd)sly (

but with two modifications, a 7-30% glycerol gradient was useRESULTS

instead of a 5-30% gradient and the glycerol gradients containgetacts of A-tracts on nucleosomal position

10pg/ml purified bovine serum albumin instead of insulin.

Nucleosome reconstitution

We have shown previously that the transcription factor NF-1
binds to a nucleosomal DNA binding site with 100-300 times
lower affinity than it binds to free DNA. This strong decrease in
Exonuclease Il digestion, DNase | footprinting and DMSNF-1 affinity does not depend on the translational or the rotational
methylation protection were performed as previously describgabsition of the NF-1 binding site relative to the histone octamer

NF-1 binding and mapping of nucleosomal positioning



surface {3). In these experiments we used fragments of DNA
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which were 161 bp long and which harbored a 95 bp DNA A . . .
segment based on the 20 bp repetitive synthetic DNA-bending ot eI oA
sequence, the TG-motif. This arrangement directed the positioning o agggrorncErétu {Chrdhapmymac ]
of the NF-1 binding site in the nucleosonaé)( The TG-motif i T T I AR SEETETRA
consists of triplets of G/C and A/T which are placed 5 bp apart T TRTTIMGAETITAN —
with a 10 bp periodicity (FiglA). When the TG-motif is P e -
reconstituted into a nucleosomevitro, it will preferentially bend B
in one direction such that the G/C triplets are located where minor ot - 161
grooves face the periphery and the A/T triplets face the histone ke
octamer 28).

We wondered to what extent the nucleosomal inhibition of ers-sr - 161
NF-1 binding could be counteracted by a change of the local e
sequence context around the NF-1 site. Our first attempt to
address this was to replace an AGCCT segment with a TAAAA T - 161
segment immediately downstream of the NF-1 binding site in the — =
construct No4 (No4 is shown in FIiB). This resulted in deletion
of one GCC triplet in the TG-motif of No4 and the introduction C Nod ANoA3.5 ANIA3S
of an A/T-rich segment which interrupted the periodicity of the - e L

TG-motif. The same approach has been shown previously to
disturb histone—DNA contacts and to improve the accessibility of
a nucleosomal glucocorticoid receptor binding sijeHlowever,

the constructs we obtained in this way did not have any detectable
effect on NF-1 binding as monitored by DNase | footprinting and

by DMS methylation protection analysis (data not shown). N

M

" “ - rucl,
u - = -Fre
1 2 3 4 5
F N F N F

This prompted us to introduce 5 bp of homopolymeric A-tracts Free DNA (%} 3.2 3.8 1.6
both upstream and downstream of the NF-1 binding site to ok AT S

produce an NF-1 binding segment that we called ANoA or ANIA
(Fig. 1A). The NF-1 binding site was positioned in two opposite _
rotational frames with respect to the preferred rotational positionin A'%UTrﬁelt-o Egﬁaiﬁqi!i?\%eﬁa fE))'r\ltAhesgngeearllésd 32?1 brlzcgtrr‘zgt(;ietgdoI?g“g:\i%fgg‘ﬂg;
.Of the TG-motif (Fig1A), ‘No for facing OL!t and ‘N_I, for facing used in the construction of the DNA segments. NF-1 half-sites are indicated by
in. The two constructs ANoA3.5 and ANIA3.5 (FiB) should  arrows and the dyad of the NF-1 site is represented by a diamond below the
therefore have the two consecutive major grooves of the NF-dequence. Stars indicate G-C bp in which the G residue is protected from
binding site facing outwards or inwards, respectively, relative to thgimethyl sulfate (DMS) methylation upon NF-1 binding. A(T)-tracts flanking
histone octamer surface. This would only be true if the rotationdf® NF-1 site in ANOA3.5 and ANIA3.5 are indicated by boxes. Gray areas

o - . indicate the positions of G/C triplets in the TG-motif. If the TG-motif directs
position of the nucleosome was dictated by the TG-motif. Thene rotational position in the nucleosome, this would correspond to positions of
design of the constructs resulted in two 7 bp A-tracts in ANOA3.5he minor grooves facing out. Note the position of the A-tracts in ANoA3.5 and
and two 8 bp A-tracts in ANIA3.5 (FidA). Nucleosomes were ANIA3.5 compared with these gray areas. Symbols for the different DNA
reconstitutedn vitro by salt dilution 8) and the mononucleosomes Sedments in (B) are shown to the rigfi}) (61 bpECcRI-Hindlll DNA

o . . . . . fragments No4, AN0A3.5 and ANIA3.5 used fior vitro reconstitution of

were purified by glycerol gradient centrifugation. This routinely \, ,cieosomes are shown. Symbols are as in (A). Thin lines indicate vector
gave nucleosome preparations in which >95% of the DNA wasequences and black triangles indicate positions oHth# site in each
organized in nucleosomes according to analysis by electrophoretionstruct. Positions 1 and 161 are indicat€)l Rree (F) or nucleosomal (N)
mobilty shit assay (FgIC).Inthese analyses we noted that the A Sishees by seuomiaeus oty sy e st shure
relative amount of free DNA WaS_ lower in the ANIA3.5 deviation { SD).nindicates the number ofexperiments.pStartindgi]cates the start
mononucleosome preparations than in the other two nucleosomaeldectrophoresis,
constructs (FiglC).

The rotational position of the DNA in the different nucleosomeshe expected rotational positioning with the G/C triplets of the
was evaluated by comparing the DNase | footprinting patterneG-motif positioned where the minor grooves are facing
(Fig. 2). Both nucleosomal No4 and ANIA3.5 showed aoutwards (gray areas in FRL are flanked by DNase | cuts). This
characteristic 10 bp repeated DNase | pattern @Agand B was also true for one population of DNase | cut sites in AN0A3.5
shows top strand and bottom strand, respectively) which is typicahd, in addition, there were other nucleosomally induced cut sites
of DNA rotationally positioned on a histone octamer surfage ( in this construct that showed a different distribution (open
The DNase | pattern of nucleosomal ANoA3.5, however, waarrowheads in Fig2C).
more complex. It showed several nucleosome-dependent alterThe translational position of DNA in the different nucleosomes
ations in the DNase | cutting pattern, including cut sites whictvas evaluated by exonuclease Ill protection analislf a
were more frequent than the 10 bp ladder seen in the other twniquely positioned nucleosome the location of the first histone-
constructs. We interpret the AN0A3.5 pattern as arising frorimduced exonuclease Ill stop on either DNA strand defines the
several superimposed nucleosome patterns caused by sevateleosomal borders; a hucleosome is known to cover 144-146 bp.
different rotational positions of AN0A3.5. This interpretation Exonuclease Il digestion also gives rise to internal nucleosome-
was confirmed by aligning the results of the DNase | footprintinglependent stops spaced by 10 bp due to the histone—DNA
in a sequence diagram (FRLC). No4 and ANIA3.5 clearly had contacts formed once per helical turn of DNg&)( Each strand
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Figure 2.Rotational position of nucleosomal DNA analyzed by DNase | footprin#jd-tee (Free) and nucleosomal (Nucl) DNA with the top straed&-labeled
was digested with DNase |. GA indicates the G+A sequence lane. Vertical arrows indicate NF-1 half-sites. Black arrowheadadtetisomally induced DNase
| cuts. Open arrowheads in ANoA3.5 indicate nucleosomally induced DNase | cuts that differ significantly from No4 and ANMBESs indicate the position
downstream of the DNase | cutB) ©Nase | digestion of free and nucleosomal DNA with the bottom straembi8abeled. Symbols are as in (AJ) Graphic
representation of the DNase | cuts in nucleosomal DNA, a summary from several experiments similar to the ones showr{i). (f)esdquences are shown
from position 20 to 139. Arrowheads, filled and open, indicate DNase | cuts as in (A) and (B). The numbers refer to the sifestrand of No4. Gray areas indicate
minor grooves facing out in No4 and ANIA3.5 as determined by DNase | digestion. Dotted lines indicate minor grooves faciigoAR.5, if positioned
rotationally as No4 and ANIA3.5. NF-1 half-sites are indicated by horizontal lines and dyads of NF-1 sites are indicatezhdg.dia

of No4 and ANIA3.5 gave rise to several nucleosomally inducepositions (Fig.3C summarizes our interpretation of the exo-
exonuclease Il stops spaced by 10 bp (84cand B). Aswe had nuclease Ill analysis).

earlier found {3), No4 adopted one translational position, with From the exonuclease Il protection and DNase | footprinting
the dyad of the NF-1 binding site positioned 50 bp from thanalyses we conclude that AN0A3.5 adopts several translational
nucleosome pseudo-dyad (FigC). ANIA3.5 adopted two and rotational positions, while No4 and ANiA3.5 have unique
different translational positions, but with the same rotationalotational positions, although the latter adopts two translational
position and with a distance of 45 or 35 bp between the dyad pdsitions separated by 10 bp. A probable reason for the
the NF-1 binding site and the nucleosomal pseudo-dyadccurrence of several rotational positions of the ANOA3.5
ANO0A3.5, on the other hand, again showed a more complaucleosome is that the two A-tracts in ANoA3.5 oppose and to
pattern of nucleosomally induced exonuclease Ill cut sites, whidome extent override the capacity of the TG-motif to determine
suggests the existence of several different rotational and translatiotie rotational position of the nucleosomal DNA.
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A-tracts modulate the binding affinity of NF-1 to

nucleosomal DNA A NodTop ANiALS Top
Free Nud Free Mucl

NF-1 binding to the different DNA constructs, both free and S Y e

nucleosomal, was analyzed by DMS methylation protection4Fig. bl Ak 4 45 + bOIN

and by DNase | footprinting (Fi&). We have shown previously
that nucleosomal NF-1 binding can be monitored by DMS .
methylation protection with high specificityl¥). No DMS !

methylation protection which depended on NF-1 was seen outside
the NF-1 binding site, even with a large excess of NF-14Figd :
data not shown). This is in contrast to DNase | footprinting where H p 5
non-specific interaction outside the NF-1 binding site often 5 : ;
influences the footprinting pattern. However, one advantage with

DNase | footprinting is that it allows concomitant monitoring of the BNt Boliom AR -2 T SEALATS Bolion
histone-DNA interactions in the nucleosome during the binding e il A e T N
reaction (Fig5). Histone—DNA contacts do not show any protection EEREY 1850 UR Ris1s16 1718
from DMS methylation 13,35). i WEZ i LA | A
Saa ¢ s T ‘g
A ..i o m\: 7 ” 130
Table 1.Relative NF-1 binding affinity to_nucleosomal DNA t =53 g l::;;
constructs, calculated as the concentration of NF-1 protein 4 : H .
needed to saturate the different nucleosomal constructs to '.,,i t LasaE
50% divided by the concentration of NF-1 protein needed to ~u |85 v 'i
give 50% protection in corresponding free DNA constructs E ! pi
DNA construct Relative NF-1 binding affinity c < Hbp 161
(nucleosomal/free DNA) G L] ______-\Y
ANOA3 5 22-fold —Q e
No4 71-fold A .
ANIA3.5 280-fold 18 151 1%
aExpressed as the fold increase in concentration of NF-1 for """“'5‘:_.’__’,_.._ ——
binding to nucleosomal DNA as compared with free DNA. {_ANoA JEEEs Lo e -
g p w e
. o . . : 148 153 161
Experiments in which increasing amounts of NF-1 protein were 8 L
incubated with a constant amount of free or nucleosomal DNA ANIASS: e —
showed that all DNA constructs when present in free DNA bound L
NF-1 with similar affinities (Fig6, filled symbols). The small l‘
differences in NF-1 binding affinity seen for the free DNA are not 9 18

significant, as indicated by the overlapping error bars representing

the standard deviations of the analysis. When the three DNA

constructs were organized into nucleosomes, their binding

affinities for NF-1 were different (Fig, empty sym.bds.)' 'f‘.th's Figure 3. Translational position of nucleosomal DNA)(Exonuclease IlI

case NF-1 bound to nucleosomal ANoA3.5 with significantly gigestion of free (Free) and nucleosomal (Nuedrii-abeled DNA (top strand).
higher affinity than to nucleosomal No4. This was clearly seen bysA indicates the G+A sequence lane and black wedges above the lanes indicate
DMS methylation protection (Fi®). There was a tendency for the increasing time of exonuclease il digestion. Triangles indicate nucleosome-
same diference in affnty also when anayzed by DNase e ereitess | 2o s Mt niess B, beors, e
fqotprlntlng (data not shown),_but the difference was not statlstlcall)énd gANi A35. B) Exonuclease Il digesﬁon of free and nucleosomal
significant. Nucleosomal ANIA3.5 showed a significantly lower 5-end-labeled DNA (bottom strand). Vertical arrows indicate NF-1 half-sites.
affinity for NF-1 than nucleosomal No4 (indicated by stars inOther symbols are as in (A)CY Graphic representation of the different
Fig. 6) and AN0A3.5. This difference was again only detectab|eJoop(l;latior}strf])(fa t;%’;féit(',%‘;"y gl;tslgfsngfen:%ﬁgngisléggI;?rtggsby fglpzfrlrlgjvs
by DMS.methylatlon protection and V\.Ias not seen Wlt.h DN{.iS.e megg p())ositionsin ANoAS.E that differ from No4 and ANiA3.5. Th’e%ia);nond
footprinting (data not shown). We estimated the relative affinityingicates the nucleosomal pseudo-dyad in No4. The distance to the dyad of the
of NF-1 for the different nucleosomal DNA constructs from NF-1 site in No4 is given in bp and indicated by an arrow. The symbols for the
Figure 6. The amount of NF-1 protein needed to saturate thalifferent DNA constructs are as in Figure 1.

different nucleosomal constructs to 50% was calculated, relative

to the amount needed to give 50% protection in free DNA. The

results are presented in Tatil@and show that ANoA3.5 has a

7-fold higher affinity for NF-1 than ANiA3.5. We conclude that The difference in NF-1 affinity when comparing free and
different nucleosomal sequence contexts have significant effectacleosomal No4 agrees well with our previous results for this

on NF-1 binding affinity. The reason for this is discussed beloveonstruct {3).
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Figure 4.NF-1 binding monitored by DMS methylation protection analysis. Free (Free) and nucleosomal (Nucl) DNA fragments labéletiamtkeand were
incubated in the presence or absence of NF-1 and then subjected to DMS methylation. Lanes 1-10, No4; lanes 11-20, AblaA33®), IANEA3.5. The amount
in nl of NF-1 preparation added is indicated above each lane. The NF-1 binding sequence is indicated by vertical arromes @néslthies that are protected from
methylation by NF-1 are indicated by stars. The triangles indicate the reference bands used to compensate for varigtietgadisgrand DMS methylation.
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Figure 5.NF-1 binding monitored by DNase | footprinting analysis. Free (Free) and nucleosomal (Nucl) DNA fragments labeled am ttednattoere incubated
in the absence or presence of NF-1. The amounts of NF-1 are indicated as in Figure 4. GA indicates the G+A sequencekanargiébindicate reference bands
used to compensate for variations in DNase | digestion and sample loading. Vertical arrows indicate the NF-1 bindirtgesiteréical black boxes indicate the
NF-1-induced footprint. Lanes 1-12, No4; lanes 13-24, AN0A3.5; lanes 25-36, ANiA3.5. Open triangles indicate bands usétafiancpfaNF-1 binding by
Phosphorimager.

A-tracts positioned out-of-phase in a DNA-bending sequence
interrupt DNA curvature and reduce histone octamer affinity

drastically reduced curvature is predicted for theegion. Note

that the curvature is reduced in two segments corresponding to the
two flanking A-tracts of ANoA3.5 (the positions of the A-tracts
To evaluate the sequence-dependent curvature of the three NBr& indicated by thick lines above the diagram in Fjg.In
constructs we used a program BEND that calculates macroscopantrast, the curvatures of the A-tracts are higherin ANiA3.5 than
curvature along a DNA sequenc®) using a bending model the corresponding DNA segmentin No4. In ANIA3.5 the A-tracts
based on nucleosome positioning da&.(The program predicts are moved 5 bp relative to the TG-motif and are thus in-phase
significant curvature for No4 and ANIA3.5 constructs along thevith the A/T triplets of the TG-motif (Figr).

DNA fragment (Fig.7). For ANoA3.5, it predicts a similar high  We wondered whether the difference in DNA curvature has any
level of DNA curvature for the'dart of the construct but a effect on histone octamer—DNA affinity. This was addressed by
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Figure 6. Graph showing quantification of binding of NF-1 analyzed by DMS ~ Figure 7.Analyses of the DNA curvature for the different constructs. The DNA
methylation protection. Binding of NF-1 and standard deviations (error bars) curvature of the three constructs in angular degrees is plotted against the
are given in percent, where 100% means complete protection from DMS pOSitiOh (as defined in Flg 1). Position of the NF-1 site (boxed) and the A-tracts
methylation. The curves for free (filled symbols) and nucleosomal DNA (open (black bars) are indicated above the curves. The lines used for the different
symbols) are indicated for each of the three constructs. * indicates a level ofconstructs are shown on the upper right. Note that the DNA curvature cannot be
significance P) < 0.05; **P < 0.01 (Student'stest) for differences compared estimated for the 20 bp closest to the ends of the DNA due to program restrictions.
with No4.

comparing the relative efficiencies of the constructs in binding teut-of-phase with the A/T triplets of the TG-motif (FIA).

a histone octamer in a nucleosome reconstitution assay. In thignce the two A-tracts in ANoA3.5 replace two triplets which in
assay equal amounts of the 1618maRI-HindIll fragments of ANIA3.5 are a G/C triplet of the TG-motif and a TGG triplet in
the three DNA constructs were mixed and allowed to competBe NF-1 site (Fig.1A, shadowed areas mark peripherally
duringin vitro nucleosome reconstitution. The amount of longriented minor grooves when directed by the TG-motif). In
chromatin, which we used as donor of histone octamers in tA&NIA3.5, the two A-tracts are placed in the minor grooves which
nucleosome reconstitution reaction, was titrated until it becan@ée oriented towards the octamer in the rotational position which
limiting. Using this strategy the different amounts of each DNAS directed by the TG-motif. They are thus in perfect phase with
fragment in the purified mononucleosome fraction would refledhe A/T triplets of the TG-motif (FiglA). Shrader and Crothers
their apparent relative affinity for histone octamer. The reconstitutdéRve shown that replacing the G/C triplet of the TG-motif with a
mononucleosome fraction was recovered by glycerol gradiehtbp A-tract results in strong reduction of nucleosome stability,
centrifugation (Fig8A). The DNA was extracted from the pooled While replacing the A/T triplet with a 5 bp A-tract, which then lies
mononucleosome fractions and cleaved withfl (which cuts  between the G/C triplets as in our construct ANIA3.5, has a less
within the NF-1 binding site and generates a different fragmesietrimental effect on nucleosome formatidi8)( Short A/T
length for each construct; Fit3). The DNA was then separated Segments within nucleosomes are preferentially positioned in the
on a denaturing polyacrylamide gel and quantified by Phosphdninor grooves which face the histone octamer botitro (28)
Imager analysis. As shown in Fig@®, there was a reduction in and in vivo (36). Our finding that ANOA3.5 is less stably
the relative amount of the ANoA3.5 fragment as the histon@rganized in a nucleosome than ANIA3.5 agrees with previous
octamer concentration was reduced in the nucleosome reconstitutiggults on the preferential rotational positioning of A/T segments
mixture and a corresponding increase in the No4 DNA fragmenif hucleosomes. Or, to rephrase it, the A-tracts which flank the
This shows that the apparent histone octamer-DNA affinity iSlF-1 site in ANIA3.5 act in harmony with the direction of
reduced for the AN0A3.5 construct. This agrees with the DNAending of the TG-motif, while the A-tracts of ANoA3.5 bend the
curvature analysis which showed that ANoA3.5 had a lowdPNA in the opposite direction to the TG-motif.

DNA curvature than the other constructs. The hlgher aﬁlnlty of NF-1 for its cognate blndlng site on the
ANOAS3.5 nucleosome cannot be explained solely by an opposite
DISCUSSION rotational DNA positioning of the NF-1 site relative to the

ANIA3.5. We can make this conclusion since the control

We have shown that A-tracts of 5 bp length flanking the NF-hucleosome No4 has a single rotational positioning with the
binding site can influence the binding of NF-1 to nucleosomahajor grooves of the NF-1 recognition sequence facing out, but
DNA. This effect was only seen in DNA organized intostill has a significantly lower NF-1 binding affinity than
nucleosomes and depended strongly on the position of tBdNoA3.5. Our results suggest that the improved affinity of
A-tracts relative to the rotational phase of the surroundingNoA3.5 for NF-1 is caused by local destabilization of
DNA-bending sequence, the TG-motif. A-tracts are straight andistone—DNA contacts around the NF-1 site. This destabilization
rigid (32) and cause bending in the junctions between the A-trait due to the out-of-phase position of the A-tracts relative to the
and adjacent DNA37) and hence here reported results are mostG-motif. This means that DNA cannot wrap so smoothly around
likely caused by effects on histone—DNA interactions dictated bihe histone octameBP). Furthermore, since bending occurs at
DNA structure. the junction of an A-tract and adjacent B-DN2Y), we propose

Why does AN0A3.5 take up several rotational positioningsthat the lower DNA curvature in ANoA3.5 compared with
We favor the following explanation. The A-tracts in AN0A3.5 areANiIA3.5 is due to an antagonistic DNA bending direction in the
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é‘ 342pg Figure 9. A model illustrating how DNA structure may modulate histone—DNA
Z 1.15 g interaction and NF-1 accessibility for its nucleosomal binding site.
3 .
°
3
k] opposite situation applies for ANoA3.5. A model illustrating
e these effects is shown in Figi8e

The analysis of DNA curvature (Fig) showed that the DNA
Fraction of the No4 and ANIA3.5 constructs is curved along its entire
length, whereas only thé-fgion of the AN0A3.5 construct is
curved. The 5region of AN0A3.5 is noticeably uncurved. This
B argues strongly that DNA structural effects mediate the increased
130 - affinity for NF-1 of ANoA3.5. The DNA curvature analysis was
performed with the program BENIBZ) using an algorithm
120 based on th@ vivo nucleosome positioning data of Satchwell
et al (36). This algorithm was found to be the best in a
comparison of several different algorithms for predicting DNA
curvature 82). Furthermore, a strength of the algorithm is that
since it is based on the nucleosome positioning data of Satchwell
—e— ANiA3S et al (36), it should be particularly suitable for predicting the
properties of DNA organized into nucleosomes.
80 . DNA sequence is one of several important determinants
influencing nucleosome positioning in the c&b) There is a
. . . preferential distribution of GC-rich trinucleotides in the minor
103 34 L15 groove which face outwards and a preferential distribution of
Amount of chromatin, ug AT-rich trinucleotides in the minor groove which face towards the
histone octamer surface. This, together with the fact that there is
Figure 8. Relative histone octamer binding during nucleosome reconstitution.a perIOd equal to the DNA he.“(.:al repem)( was mterpreted as
(A) Glycerol gradient profiles of simultaneous reconstitution of the three a Seque_nce pattern de_t(_-:‘rmlnlng DNA curvature and thereby
constructs using limiting amounts of long chromatin. The total amounts ofcontributing to the stability of the nucleosome structure. Our
chromatin used in the different nucleosome reconstitutions are indicated to theesults demonstrate that in a nucleosomal template, where
s vl o s s s sgare o ot o £V bending motfs are disrouted along the DNA double el
used in the reconstitution; Izlata points rep[iesent thge means of two analyses. r?n such a way that they enhance a unldlrectlonal ber.“.j ar.ound. the
histone octamer, DNA adopts a single rotational positioning with
tight histone—-DNA contacts. The opposite is also true: when
DNA-bending motifs are not phased uniformly, nucleosomal
former construct. Further evidence that histone—DNA contacfBNA fails to adopt one single conformation and several rotational
are locally destabilized in ANoA3.5 comes from a comparison giositionings are seen. Most importantly, in the latter case the
the DNase | cutting patterns of the free and nucleosomal DNAucleosomal DNA will be more accessible even for a DNA binding
segments within the NF-1 binding site of the different constructgrotein such as NF-1, which was previously reported to have a very
(palindromic arrows in Fig8A and B andb). This reveals only low affinity for its nucleosomal DNA site irrespective of rotational
subtle nucleosome-induced changes in the DNase | cuttipgsitioning @,12-14). This suggests that it is not a different
pattern of the ANoA3.5 construct when compared with the tweotational positioning, but a local decrease in contacts between
other constructs. histones and DNA, that results in the higher NF-1 binding affinity
We found that NF-1 bound less strongly to ANIA3.5 than itof ANoOA3.5. However, we cannot exclude that NF-1 binding is also
bound to No4 (Figs) and that less free DNA dissociated from theincreased by certain rotational positions once the histone—DNA
ANIA3.5 mononucleosome, as seen in electrophoretic mobilitgontacts have been reduced by the structure of the DNA.
shift assays (FidlC). The DNA curvature of ANiIA3.5 was well ~ Chromatin represses transcriptionvitro (41) andin vivo
maintained when compared with the curvature of No4 (Big. (4243). At least one of the mechanisms of repression is the
and the affinity of ANIA3.5 for histone octamer binding duringrestricted access of various transcription factors to their target DNA
nucleosome reconstitution was higher than it was for thsites. Our results underscore the potentially wide range of affinities
ANOAS3.5 construct (FigBB). These results suggest that the DNAof NF-1 for its cognhate binding site in a nucleosome context which
segment of the NF-1 site which is flanked by the two A-tractsnay be obtained by differences in the local DNA sequence context.
bends smoothly around the histone octamer in ANIA3.5 and sgeveral regulatory DNA segments harbor positioned nucleosomes
facilitates histone—DNA contacts over the NF-1 site, while thé24,44). In such enhancers/promoters, a detailed understanding of
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how different factors cooperate in gene regulation must include thé
effects of local sequence context and chromatin structure. A cle,
example of the positive effect of a single A-tract on gene regulati
was recently given for the metal-responsive promot&aofdida 13
glabrata Here a positioned nucleosome was shown to harbor both
a 16 bp A-tract and a metal-responsive element to which the
metal-inducible transcription factor Amtl binds in an A-tract-*°
dependent fashiod§). A related study demonstrated that 17—-42; ¢
bp long A-tracts stimulated transcription and increased DNA
accessibility in chromatiim vivo (46). Our results show that short 17
A-tracts can also have drastic effects on histone—-DNA interactiorig
and consequently on DNA accessibility. 19
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