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AT-rich DNA is concentrated in the nucleosome-free regions (NFRs) associated with transcription start sites of
most genes. We tested the hypothesis that AT-rich DNA engenders NFR formation by virtue of its rigidity and
consequent exclusion of nucleosomes. We found that the AT-rich sequences present in many NFRs have little
effect on the stability of nucleosomes. Rather, these sequences facilitate the removal of nucleosomes by the RSC
chromatin remodeling complex. RSC activity is stimulated by AT-rich sequences in nucleosomes and inhibited by
competition with AT-rich DNA. RSC may remove NFR nucleosomes without effect on adjacent ORF nucleosomes.
Our findings suggest that many NFRs are formed and maintained by an active mechanism involving the ATP-
dependent removal of nucleosomes rather than a passive mechanism due to the intrinsic instability of nucleosomes
on AT-rich DNA sequences.
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The assembly of promoters in nucleosomes prevents the
initiation of transcription in vitro (Lorch et al. 1987), and
depletion of nucleosomes leads to gene activation in yeast
in vivo (Han and Grunstein 1988). Nucleosomes may be
regarded at a fundamental level as general gene repres-
sors. Relief from repression is achieved by the removal of
nucleosomes by either the occurrence of nucleosome-free
regions (NFRs) at the transcription start sites (TSSs) of
TATA-less promoters (;80% of promoters in yeast) (Yuan
et al. 2005; Zhang et al. 2011) or chromatin remodeling of
genes with TATA-containing promoters (which may have
distinctive nucleosomal configurations, but not NFRs, as
defined by size and proximity to TSSs) (Svaren and Horz
1997; Boeger et al. 2003).
The uniform coverage of eukaryote genomes by nucle-

osomes is punctuated at NFRs by apparently naked DNA
regions and by well-defined locations of the nucleosomes
nearby. The formation of NFRs is generally believed to be
an intrinsic property of the DNA sequence; it is attrib-
uted to their high content of AT base pairs and in
particular of poly(dA:dT) tracts (Yuan et al. 2005) with
consequent destabilization of nucleosomes. Poly(dA:dT)
is comparatively rigid and resists bending around the
histone core of the nucleosome. The evidence for this
passive mechanism of NFR formation comes from nucle-
osome positioning analysis, chromatin reconstitution,
and effects on transcription in vivo. Poly(dA:dT) tracts

greater than or equal to seven residues in length are
confined to the first two turns of the double helix at the
ends of the DNA in chicken nucleosomes (Satchwell
et al. 1986). Pure poly(dA:dT) DNA is refractory to
nucleosome formation (Kunkel and Martinson 1981;
Prunell 1982). Poly(dA:dT) tracts of 17–42 residues stim-
ulate transcription from the HIS3 promoter in yeast (Iyer
and Struhl 1995). Poly(dG:dC) tracts have the same effect,
leading to the conclusion that a structural property of the
sequence element rather than interaction with a protein
factor is involved.
The alternative possibility of an active mechanism of

NFR formation is suggested by studies of RSC, the most
abundant member of the SWI/SNF family of remodelers,
which has been directly linked to the removal of nucle-
osomes in vitro (Lorch et al. 2006) and in vivo (Hartley and
Madhani 2009). A partially purified yeast protein fraction
reported to reconstitute the formation of NFRs was
enriched in RSC (Wippo et al. 2011). It has been suggested
that RSC interacts with Reb1, a DNA-binding transcrip-
tion factor (Gavin et al. 2002). Reb1-binding sites are the
most conserved sequence elements in yeast promoters
(Elemento and Tavazoie 2005) and are commonly found
in NFRs (Fedor et al. 1988; Chasman et al. 1990; Hartley
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and Madhani 2009). The elimination of either RSC or
Reb1 abolishes the formation of numerous NFRs (Hartley
andMadhani 2009). Conversely, the introduction of a DNA
element, including a Reb1-binding site, brings about the
formation of an ectopic NFR (Raisner et al. 2005). On this
basis, it has been proposed that Reb1 may in some cases
recruit RSC to form an NFR. Reb1-binding sites, however,
are found only in a small minority of NFRs. Alternatives
for the recruitment of RSC include additional DNA-bind-
ing proteins such as ABF1, whose recognition sites also
occur in NFRs, although typically at the same low fre-
quency as those for Reb1. Here we reconcile the two
opposing views of NFR formation, ruling out the rigorous
exclusion of nucleosomes by AT-rich DNA and showing
instead that such DNA sequences represent recognition
sites for the removal of nucleosomes by RSC.

Results

As a test of the hypothesis that NFRs exclude nucleo-
somes by virtue of their DNA structure, we measured
affinities of NFR DNAs for nucleosomes. Measurement of
affinity was made by exchange of histones between bulk
chromatin and 32P-labeled NFR DNA (Thastrom et al.
1999). Exchange was performed in 1 M NaCl followed by
stepwise dilution to 0.1 M NaCl. The formation of
nucleosomes was revealed by gel electrophoresis and
autoradiography and confirmed by gradient centrifugation.
The free energy of nucleosome formationwas derived from
the relative amounts of nucleosomal and nakedNFRDNA
in the gel. Remarkably, eight of 10NFRs chosen at random
from the Saccharomyces cerevisiae genome (Supplemen-
tal Table S1) differed by less than twofold in affinity from
the 5S rDNA nucleosome positioning sequence (Table 1,
KNFR/K5S), one of the highest-affinity nucleosome-binding
sequences known (Thastrom et al. 1999).
The NFR DNAs studied here exhibited high affinities

for nucleosomes despite the occurrence in nine of the 10
NFR DNA sequences of poly(dA:dT) tracts >5 base pairs

(bp) in length. To test directly the effect of poly(dA:dT)
tracts on affinity for nucleosomes, poly(dA:dT) tracts of
seven to 14 residues were inserted at a series of positions
across the 5S rDNA nucleosome (Supplemental Table S2).
Although poly(dA:dT) tracts did diminish the affinity for
nucleosomes, with a peak of instability at about two
turns of the DNA double helix from the dyad of the
nucleosome (Fig. 1), at no point did a poly(dA:dT) tract
even as long as 14 residues reduce the occupancy by
a nucleosome by >2.5-fold (DDG of 0.6 kcal/mol).
An alternative mechanism through which AT-rich

sequences might engender NFR formation was suggested
by an observation on the PHO5 gene of S. cerevisiae.
Previous studies showed that transcriptional activation
of PHO5 leads to the depletion of promoter nucleosomes
(Svaren and Horz 1997) and that this depletion is due to
the complete disruption of nucleosomes (Boeger et al.
2003). The effect is most pronounced for the second
nucleosome (N-2) upstream of the TSS, whose occupancy
in the activated state is only 18% of that in the transcrip-
tionally repressed state (Boeger et al. 2003). We investi-
gated the interaction of RSC with the N-2 nucleosome by
DNase I digestion and observed a footprint of the protein
on the nucleosomal DNA (Fig. 2A, indicated by a vertical
line, experiment performed in the absence of ATP). The
footprint encompassed the sequence T4ACT7, located
4–19 bp from the end of the 160-bp nucleosomal DNA.
A footprint was also obtained with the same sequence in
naked rather than nucleosomal DNA (data not shown).
We investigated a possible influence of the T4ACT7

element upon chromatin remodeling by RSC. In the
presence of the Nap1 histone chaperone and ATP, histones
are removed from nucleosomes by RSC (Lorch et al. 2006).
The progress of such a reaction, performed with the 5S
rDNA nucleosome, was monitored by gel electrophoresis,
which revealed the appearance of naked DNA (Fig. 2B,C).
The reaction followed first-order kinetics (Fig. 2D), and the
rate constant was diminished by competition with a 30-bp
oligonucleotide containing the T4ACT7 element (Fig.
2D,E). Other AT-rich oligonucleotides (Supplemental
Table S3), such as T3GT6 from theGAL2 promoter, were

Table 1. Stabilities of nucleosomes formed from NFR DNA

NFR GC T tracts >5 bp ΔΔG KNFR/K5S

SWP82 30% 7, 9 0.35 kcal/mol 0.60
RGD2 27% None �0.01 kcal/mol 1.02
FMP32 28% 7 0.13 kcal/mol 0.82
SEC53 31% 9 0.30 kcal/mol 0.64
HIS3 29% 7, 9, 11 0.86 kcal/mol 0.36
FET5 34% 7 0.21 kcal/mol 0.73
TUB2 39% 7, 8 0.21 kcal/mol 0.73
ILV1 30% 6, 10 0.41 kcal/mol 0.42
SNT1 34% 7, 7 0.15 kcal/mol 0.94
MRSP5 32% 13 0.42 kcal/mol 0.52

The ratio of equilibrium constants (KNFR/K5S) determined by the
exchange method for NFR and 5S rDNA sequences and the
corresponding free-energy difference of nucleosome formation
(ΔΔG) are shown. NFRs are identified by gene name (sequences
of NFR DNAs are shown in Supplemental Table S1). Also
indicated are the GC content of the NFRs and the lengths of
poly(dA:dT) tracts >5 bp in length. For comparison, the GC
content of the entire S. cerevisiae genome is ;38%.

Figure 1. Effect of poly(dA:dT) tracts on the stability of
nucleosomes. Poly(dA:dT) tracts of 7, 10, and 14 bp were
substituted for the sequence of the 5S rDNA nucleosome
positioning sequence at the locations indicated (sequences of
the DNAs assembled in nucleosomes are shown in Supplemen-
tal Table S2). Stabilities of nucleosomes were determined by the
exchange method (average of six determinations).
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even more inhibitory (Table 2), whereas a ‘‘random’’
oligonucleotide lacking an AT-rich element had little
effect (Fig. 2C–E).
The inhibition of chromatin remodeling by competing

oligonucleotides containing AT-rich elements raised the
possibility of a stimulatory effect on remodeling by such
elements in a nucleosome. To this end, we incorporated
AT-rich elements in the 5S rDNA nucleosome 19–29
residues from the end of the nucleosome (Supplemental
Table S4). The formation of nucleosomes was confirmed by
gradient centrifugation, and the locations of nucleosomes
were confirmed by exonuclease III mapping (data not
shown). Incorporation of an AT-rich element resulted in
a footprint of RSC closely similar to that observed for the
PHO5N-2 nucleosome (data not shown). The incorporation
of T3GT6 stimulated remodeling (Fig. 3A). A seven-residue
poly(dA:dT) tract was almost as effective, as were nine- and
11-residue poly(dA:dT) tracts, while a five-residue poly(dA:
dT) tract was stimulatory but less so (data not shown).
Finally, we investigated the remodeling by RSC, Nap1,

and ATP of nucleosomes formed on NFR DNAs. NFRs
containing one or two poly(dA:dT) tracts of seven or eight

residues and with affinities for nucleosomes only 20%–
25% less than that of the 5S rDNAwere remodeled at rates
comparable with the 5S rDNA nucleosome containing a
T3GT6 element (Fig. 3B). It is noteworthy that remodeling
was performed in the presence of a 400-fold excess of
chromatin over NFR nucleosomes and a 10-fold molar

Figure 2. DNase I footprint of RSC and effect of
oligonucleotides on RSC activity. (A) The N-2 nu-
cleosome of the PHO5 promoter, with a footprint
over a T-rich element indicated by a vertical line.
(Lane 1) Without RSC. (Lanes 2,3) With RSC. Lane 3

also contained 1 mM b,g-methylene ATP. (B) In-
hibition by oligonucleotides of the disassembly of
a nucleosome by RSC, Nap1, and ATP. PAGE of
reaction containing 5S rDNA nucleosome without
(�) or with (+) T4ACT7 oligonucleotide (132 ng in
the reaction) (Supplemental Table S3). Times of
reaction were, from left, 0, 5, 10, 20, 30, 40, 5, 10,
20, 30, and 40 min. Bands due to nucleosomes (nuc)
and naked DNA are indicated. The band below that
for nucleosomes is due to the removal of H2A–H2B
dimers. A PhosphorImager scan of the gel is shown.
(C) Appearance of naked DNA during the reaction of
5S rDNA nucleosome with RSC, Nap1, and ATP.
Intensities of bands due to naked DNA at the times
indicated are plotted for reactions without (blue
diamonds) and with (red squares) T4ACT7 oligonu-
cleotide (Supplemental Table S3). (D) Disappearance
of nucleosomes during the reaction in B. (E) First-
order rate constant (in units of per minute) for the
disappearance of nucleosomes as a function of the
amount of T4ACT7 oligonucleotide (blue diamonds)
or random sequence oligonucleotide (red squares) in
the reaction.

Table 2. Inhibition by oligonucleotides of chromatin

remodeling by RSC

Oligonucleotide
5S DNA

nucleosome
PHO5 N-2
nucleosome

Random 154 148
T4ACT7(PHO5) 49 n.d.
T3GT6(GAL2) 13 30
T3CT6 24 n.d.
T4CAT11(HIS3) 29 n.d.
T3CCT6CT5GCT5CT9(DED1) 32 20

Rates of disassembly of the nucleosomes indicated were de-
termined as in Figure 3, and the amounts of the oligonucleotides
(in nanograms) that reduced the rate by 50% are shown. (n.d.)
Not determined.
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excess of nucleosomes over RSC. The vast excess of
chromatin simulated conditions in vivo, reducing the
effective concentration of RSC. Remodeling was evi-
dently highly specific for NFR nucleosomes.
The question of specificity pertains especially to remod-

eling at the NFR relative to remodeling of the adjacent
ORF. Can remodeling by RSC account for the virtual
absence of nucleosomes from an NFR despite the full
occupancy of nucleosomes on the adjacent ORF? We
compared both stabilities and remodeling rates for nucle-
osomes on the NFR and the ORF of the ILV1 gene (Fig. 4).
The stabilities of nucleosomeswere very similar, all within
0.2 kcal/mol of that of the reference 5S rDNA nucleosome.
In contrast, the rate of removal of a nucleosome was far
greater at the NFR than at positions within the ORF.
Therefore, RSCmay well be responsible for the contrasting
occupancies by nucleosomes of the NFR and the ORF.

Discussion

The notable findings of this study are the large stimula-
tory effect of short AT-rich DNA sequences upon the
removal of nucleosomes by RSC and the lack of effect of
such sequences upon the stability of nucleosomes. AT-

rich DNA brings about the formation of NFRs by an
active rather than passive mechanism by enhancement of
chromatin remodeling rather than through an effect of
DNA structure. We present two lines of evidence against
the hypothesis of NFR formation by DNA structure:
First, many NFR DNAs form exceptionally stable nucle-
osomes in vitro, and second, poly(dA:dT) tracts as long as
14 bp diminish the stability of nucleosomes by at most
a factor of two relative to the most stable nucleosome
known. It may also be noted that many NFRs contain no
AT-rich element. NFRs would therefore be mostly, if not
fully, occupied by nucleosomes if the DNA sequence
played a dominant role.
We found instead that AT-rich DNA stimulates the

removal of nucleosomes by RSC in an ATP-dependent
manner. Poly(dA:dT) tracts of 7 bp are effective in this
regard, tracts of 9 or 11 bp are not more effective, and
tracts of 5 bp are less so. This length dependence may
explain the occurrence of a poly(dA:dT) tract of 7 bp
adjacent to a binding site for the Reb1 protein that
recruits RSC to NFRs (Angermayr et al. 2003; Raisner
et al. 2005). The combination of a poly(dA:dT) tract and a
Reb1 site proved sufficient to induce the formation of an
NFR at an ectopic site in chromatin in vivo (Raisner et al.
2005).
Remodeling is essential for NFR formation and func-

tion. Previousmapping of nucleosomes in vivo has shown
that occupancies of NFRs by nucleosomes are very low, at
least 100-fold less than for neighboringDNA regions. NFRs
may be essentially naked to allow interaction with tran-
scription factors. A reduction in nucleosome occupancy by
a factor of two or less due to DNA structure alone (Table 1)
would be insufficient for this purpose. The removal of

Figure 3. Disassembly by RSC, Nap1, and ATP of nucleosomes
containing a T-rich element or an NFR. (A) Disappearance of 5S
rDNA nucleosomes containing a T3GT6 element (blue dia-
monds) (sequence in Supplemental Table S4) or not (red squares)
in reactions with RSC and ATP and 250 ng of T3GT6 oligonu-
cleotide as competitor. (B) The disappearance of nucleosomes
containing TUB2 or ILV1 NFR DNA (blue diamonds and green
triangles) (sequences in Supplemental Table S1) and the disap-
pearance of 5S rDNA nucleosomes (red squares) in reactions
with RSC, Nap1, ATP, and 370 ng of H1-depleted rat liver
chromatin as competitor.

Figure 4. Profiles of nucleosome stability and disassembly rate
across the NFR and ORF of the ILV1 gene. Stabilities of
nucleosomes were determined by the exchange method for
160-bp DNA fragments (Supplemental Table S5) centered on
the NFR; the published positions of the +1, +2, and +3 nucleo-
somes of the ILV1 gene (Yuan et al. 2005); and positions halfway
between the +1 and +2 nucleosomes (1.5) and halfway between
the +2 and +3 nucleosomes (2.5). Values of DDG (kilocalories per
mole) are multiplied by 0.25 in the plot. Rates of disassembly by
RSC, Nap1, and ATP were determined for nucleosomes formed
on the same DNA fragments as described. First-order rate
constants (per minute) are multiplied by �10 in the plot.
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nucleosomes by an active mechanism is required. An
abundance of AT-rich DNA in NFRs supports this mech-
anism not primarily by the exclusion of nucleosomes but
rather by the recruitment of RSC for the removal of
nucleosomes.
A recent bioinformatics analysis of poly(dA:dT) tracts in

NFRs revealed several features that are more consistent
with the stimulation of chromatin remodeling than with
destabilization of nucleosomes (Wu and Li 2010). For
example, poly(dA:dT) tracts occur predominantly 20–25
bp from the center of theNFR and in opposite orientations,
with poly(dT) upstream of and poly(dA) downstream from
the center. Such dyad symmetry is suggestive of protein–
nucleic acid interaction, whereas the orientation of poly
(dA:dT) tracts is not obviously relevant to the destabiliza-
tion of nucleosomes.
Further support for a role of remodeling rather than

DNA structure in the formation of NFRs comes from
genome-wide studies of chromatin reconstitution in vitro
and chromatin formation in vivo. Reconstitution exper-
iments showed at most a twofold reduction in nucleo-
some occupancy over all NFRs in S. cerevisiae (Kaplan
et al. 2009), consistent with our measurements on the
nucleosome affinities of selected NFRs (Table 1). When
chromatin was formed on Kluyveromyces lactis DNA in
S. cerevisiae in vivo, NFRs were observed in the same
locations as in K. lactis to a greater extent on sequences
containing poly(dA:dT) tracts than those deficient in
them. From these and other observations, it was con-
cluded that NFRs are formed either as a result of the
rigidity of poly(dA:dT) DNA or due to species-specific
chromatin remodeling factors (Hughes et al. 2012; Struhl
and Segal 2013). More direct evidence for a role of
chromatin remodeling factors in NFR formation has
come from genome-wide assembly of chromatin by yeast
extract and ATP (Zhang et al. 2011).
Our findings support a primary role for chromatin

remodeling in the formation of NFRs, with recognition
by RSC of AT-rich sequences rather than their structure
as a basis for their involvement. The rigidity of poly(dA:dT)
tracts may play a role but only a minor one, as the extent
of nucleosome exclusion from NFRs is far beyond
what can be achieved by DNA structure alone. The
complete exposure of all NFRs, likely essential for func-
tion, cannot be achieved except through an enzyme-
catalyzed reaction with the consumption of energy in
the process.

Materials and methods

Nucleosomes were prepared as described (Lorch et al. 2005) with
the use of 160-bp DNA (Supplemental Table S2) labeled with 32P
at one 59 end by PCR. RSC and Nap1 were prepared as described
(Lorch and Kornberg 2003; Wittmeyer et al. 2004). DNase I
footprint analysis was performed as described (Lorch et al. 2010)
except with 0.6 mg rather than 0.3 mg of RSC. Nucleosome
disassembly reactions contained nucleosomes (1 ng of DNA),
160 ng of RSC, 250 ng of Nap1, 0.5 mM ATP, 15 mM HEPES (pH
8.0), 3 mM MgCl2, 0.1 mg/mL BSA, and oligonucleotides (Sup-
plemental Table S1) as indicated in a total volume of 15 mL.
Following incubation for the times indicated at 30°C, reaction

products were separated by electrophoresis in 3.2% polyacryl-
amide gels (19:1 acrylamide:bisacrylamide) in TE. Measurement
of nucleosome stability by the exchangemethodwas performed as
described (Thastrom et al. 1999).
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