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Abstract
Nucleosomes are actively positioned along DNA by ATP-dependent, chromatin remodelling factors. A
structural model for the ISW1a chromatin remodelling factor from Saccharomyces cerevisiae in complex
with a dinucleosome substrate was constructed from the X-ray structures of ISW1a (�ATPase) with and
without DNA bound, two different cryo-EM (cryo-electron microscopy) structures of ISW1a (�ATPase) bound
to a nucleosome, and site-directed photo-cross-linking analyses in solution. The X-ray structure of ISW1a
(�ATPase) with DNA bound suggests that DNA sequence may be involved in nucleosome recognition and
thereby specificity of promoter interaction. The model suggests how the highly ordered nucleosome arrays
observed by mapping nucleosomes in genes and their promoter regions could be generated by a chromatin
remodelling factor.

Introduction
In eukaryotic genomes, the DNA in genes and gene
promoter regions is generally packaged in well-positioned
nucleosomes [1] (Figure 1). DNA sequence can favour
particular nucleosome positions by enhancing compatibility
of DNA binding within the nucleosome core, and it can
act to exclude nucleosomes by encoding DNA stretches
resistant to bending (i.e. poly[dA · dT]) or by specifying the
binding of one or more regulatory proteins (e.g. Rep1) [2–
4]. Nevertheless, production of native arrays of regularly
positioned nucleosomes in gene regions requires the activity
of ATP-dependent chromatin remodelling factors [5]. The
importance of well-positioned nucleosomes in these regions
is probably two-fold. First, promoter elements such as
the TATA-box and the TSS (transcription start-site) are
generally found in the stretch of DNA just inside (yeast)
or just outside (metazoans) the nucleosome core boundary of
nucleosome + 1 with respect to the TSS [6,7]. This location
presumably facilitates gene regulation through modulation of
the accessibility of these sites to the transcription machinery,
either by blocking binding or impeding elongation of RNA
polymerase II. The nucleosomes from + 2 onward along the
gene may also be important for regulation of polymerase
elongation. Secondly, the nucleosome higher-order structure
(i.e. the chromatin fibre), which provides another level of
DNA occlusion beyond the nucleosome core, depends on
arrays of regularly spaced nucleosomes [8].

Two questions concerning the mechanism of chromatin
remodellers in the context of promoter regions with their
associated nucleosomes (e.g. − 1, + 1) are apparent. How
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are specific promoters and explicit nucleosomes within
promoters recognized, and how is the length of linker DNA
between two adjacent nucleosomes determined by these
enzymes? The structural studies in my laboratory on the
yeast chromatin remodelling factor ISW1a suggest possible
answers to these questions of nucleosome recognition and
spacing within gene and gene promoter regions packaged in
chromatin [9].

ISW1a is a member of the ISWI family of ATP-dependent
chromatin remodelling factors, and is found as demonstrated
by CHIP [C-terminus of the Hsc (heat-shock cognate) 70-
interacting protein]-seq mapping experiments in the vicinity
of the − 1 and + 1 nucleosomes of many TSS [10,11].
Genetic and mapping studies on the yeast MET16 promoter
in vivo have shown that ISW1a is involved in returning
this gene to its repressed state, in part by binding and
repositioning nucleosomes [12]. ISW1a comprises the two
proteins Isw1 (131.1 kDa) and Ioc3 (90.1 kDa). Isw1 can be
partitioned into its ATPase domain (72 kDa) and a second
domain containing the subdomains HSS (HAND, SANT
and SLIDE) with a 133-amino-acid linker connecting the
two domains. For the purpose of analysis of ISW1a by high-
resolution X-ray crystallography, the ATPase domain and
part of the linker were deleted leaving ISW1a (�ATPase)
or the HSS–Ioc3 complex. The structure of HSS–Ioc3
was determined at 3.2 Å (1 Å = 0.1 nm) resolution on its
own and again at 3.6 Å resolution with a 48 bp DNA
oligonucleotide bound at two different sites [9]. Isw1–
SLIDE makes extensive contacts with the Ioc3 subunit in
an apparent rigid interaction that results in an elongated
complex. Two structures of homologous HSS domains alone
were determined previously, and those studies noted that
Isw1–SANT and Isw1–SLIDE are potentially DNA-binding
motifs on the basis of their homology with the SANT domain
of cMyb [13,14]. However, as seen from the HSS–Ioc3/DNA
structure, the mode of DNA-binding for Isw1–SANT
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Figure 1 The nucleosome organization around the TSS

The superposition of mapped nucleosomes for genes in yeast reveals the

regular positioning of nucleosomes in the promoter region is preserved.

The nucleosomes − 1, + 1 and + 2, as well as the nucleosome-free

region (0) are labelled with their approximate boundaries indicated (TSS

origin). The distance (bp) of the − 1 and + 1 nucleosome dyad or centre

is from the TSS is noted (brackets). The Figure is adapted from Figure 3(a)

of [1] with permission.

and Isw1–SLIDE is different than that seen for cMyb.
HSS–Ioc3 has large, positively charged surfaces contributed
by lysine and arginine amino acids involved in DNA binding
[9]. Most notable is the region of Ioc3 extending over both the
HLB (helix linker-binding) motif and the CLB (coil linker-
binding) motif, as well as the molecular surface between
them. A second region extends over Ioc3–HLB and across
the Isw1–SLIDE and Isw1–SANT subdomains. Each of
these elongated basic regions binds a separate DNA double-
stranded oligonucleotide in the HSS–Ioc3/DNA structure.

HSS–Ioc3 is capable of binding two nucleosomes, one
at each end of its elongated shape. These nucleosomes
were visualized by cryo-EM (cryo-electron microscopy)
in separate HSS–Ioc3/mononucleosome complexes. One
complex contains a nucleosome with a single DNA extension
of 45 bp, and the other contains a nucleosome with two
DNA extensions of 45 and 29 bp. In parallel with the cryo-
EM work, an analysis of these two HSS–Ioc3/nucleosome
complexes was done in solution by protein–DNA photo-
cross-linking using site-specific attachment of the cross-
linking reagent 4-azidophenacyl bromide to sites where
cysteine had been introduced into HSS–Ioc3 [9]. These
cross-linking experiments corroborated the binding of
the nucleosomes to the Isw1–SANT and Isw1–SLIDE
subdomains and the Ioc3–HLB and Ioc3–CLB motifs
as observed by cryo-EM. A dinucleosome model was
constructed by superposition of the two cryo-EM structures
via their common HSS–Ioc3 moiety (Figure 2). The resulting
model showed that the two 45 bp DNA extensions, one from
each mononucleosome complex, superimpose in opposite
orientations with their major and minor grooves aligned
correctly. Together, the superimposed extensions represent
an I-linker DNA (internal linker DNA) connecting the two
nucleosomes and contacting Ioc3–HLB, Isw1–SLIDE and
Isw1–SANT over approximately three turns of the double

helix. The 29 bp extension or E-linker DNA (external linker
DNA) is bound to the Ioc3–CLB and does not overlap
with the second nucleosome. Owing to their appearance in
the model, the nucleosome with a single DNA extension
was designated the I-nucleosome (having only I-linker
DNA), and the nucleosome with two DNA extensions was
designated the I/E-nucleosome [nucleosome with two DNA
extensions (I- and E-linker DNA)]. These results strongly
suggest that the substrate for the ISW1a nucleosome spacing
reaction is a dinucleosome.

The general question of how chromatin remodelling
factors recognize a limited set of promoters may have
several possible answers. Localization of a remodelling
factor may depend on preceding recognition of the
promoter by a TF (transcription factor) to which the
chromatin remodeller binds directly, or via binding histone
modifications introduced by a TF. For example, ISW2 is
capable of binding the TF Ume6 at a specific UAS (upstream
activating sequence) near a promoter, and SWI/SNF is capable
of binding acetylated histone tails of promoter nucleosomes
via its bromodomain [15,16]. Additionally, the remodelling
complex may itself contain a sequence-specific DNA-
recognition motif as has been suggested for the Rsc3/30 com-
ponent of the RSC (remodelling the structure of chromatin)
complex [17].

ISW1a, which is found as a subset of promoters in yeast,
may have a preference for binding nucleosomes adjacent to
an NFR (nucleosome-free region) or relatively long linker
DNA in order to facilitate its role as a transcription silencer.
The quantity of DNA in these more accessible stretches
is limited compared with the expansion of the genome
packaged in nucleosomes. Therefore ISW1a would need only
to distinguish the features of these sites from each other
to regularize the nucleosomes in proximity to a TSS. In
detail, two features of the I/E-nucleosome, which may be
initially nucleosome − 1 or + 1, are possibly important
for recognition of chromatin by HSS–Ioc3[9]. With regard
to the first feature, an α-helix of the Ioc3–HLB is in a
position in the I/E-nucleosome of dinucleosome model to
bind the first DNA double helical turn of the I-linker DNA
outside the NCB [nucleosome core (DNA) boundary], while
another surface of the Ioc3–HLB comes sufficiently close to
the central turn of the I/E-nucleosome superhelix to allow
electrostatic interaction. This constellation of linker DNA
and central turn is unique to a nucleosome and probably
requires the full-length of the I-linker DNA for complex
formation initially. The second feature entails the Ioc3–CLB
binding to the E-linker DNA in a stretch 21–26 bp from the
other I/E-nucleosome NCB. The X-ray structure suggests
that the Ioc3–CLB may have a DNA sequence preference to
satisfy full interaction. Therefore, on the basis of the distance
of a preferred Ioc3–CLB binding sequence from an NCB
and the requirement of making both the Ioc3–HLB and
Ioc3–CLB interactions simultaneously, recognition of this
previously positioned nucleosome would be achieved. The
importance of accurate prior positioning may be reduced
somewhat by adjustment of the DNA length between
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Figure 2 Model of ISW1a interaction with a dinucleosome substrate

The I-linker DNA (pink) bridges between NCB of the I/E-nucleosome (green DNA) and I-nucleosome (brown DNA). Contacts

made between the I-linker DNA and the subdomains Ioc3–HLB (gold), Isw1–SLIDE (yellow) and Isw1–SANT (green). The

HAND subdomain (blue) does not contact with DNA. The other NCB of the I/E-nucleosome connects to the E-linker DNA

(light blue) which binds Ioc3–CLB (red). The remainder of Ioc3 and the Isw1–HSS domain are shown in grey.

the NCB and the Ioc3–CLB DNA-binding site via DNA
stretching on the nucleosome [18]. Moreover, recognition of
the I/E-nucleosome could also be augmented by interactions
of the N-terminal tails of the core histone proteins or Ioc3
with the complementary binding partner. In the case of the
Ioc3 tail, an interaction with a localized histone variant may
augment recognition.

The I-nucleosome would be recognized by virtue of
being at the opposite end of the I-linker DNA from
the I/E-nucleosome. With a modelled internal linker of
approximately 25 bp, Isw1–SANT contacts a few base pairs of
the I-nucleosome DNA inside its NCB [9]. This interaction
does not appear to impart any specificity, however, and may
be dispensed with altogether if the I-linker were shortened
to 15 bp (sterically acceptable). Hydroxyl radical DNA
footprinting of ISW1a indicates that the ATPase domain
would bind the I-nucleosome DNA in a stretch 20–30 bp
from the centre of the nucleosome DNA (dyad position),
which is roughly 40 bp from the I-linker DNA/NCB
junction [19]. Currently, there is no structure of an ATPase
domain bound to a nucleosome, and therefore details for
this type of interaction are not available. The X-ray structure
of a Sulfolobus solfataricus ATPase that shares 30% identity
with the ISW1a ATPase was determined with DNA bound,
but does not indicate that DNA sequence recognition is
important for interaction [20]. Other experiments show that
the H4 N-terminal tail is required for ATPase activity in ISWI
remodellers, but thus far, the H4 tail has not been implicated
in promoter specificity [21,22]. The low-complexity sequence
of the long polypeptide chain connecting the ATPase domain
with the Isw1–HAND domain suggests that it acts simply to
tether the ATPase. However, it may possibly bind the surface

of the I-nucleosome taking on a regular structure, which aids
nucleosome recognition.

Recent studies of nucleosome position in yeast with
resolution better than 10 bp reveal that for the majority
of gene promoter regions, nucleosomes − 1 and + 1
are precisely positioned to either side of a nucleosome
free region of approximately 140 bp [1,23]. Positioning
occurs for further nucleosomes in both directions, and
is particularly regular over gene-encoding regions. For
such nucleosome organization, positioning information from
DNA sequence, local interacting factors, or pre-existing
chromatin structure must come into play. A chromatin
remodelling factor could then initiate or lengthen an array of
regularly positioned nucleosomes established by pre-existing
chromatin landmarks. For nucleosomes in the most highly
ordered regions, it is unlikely that chromatin remodelling
could be responsible if the remodelling mechanism relied
simply on positioning nucleosomes randomly between pre-
existing barriers, as has been suggested for ACF1 [24,25].
In contrast, the remodelling mechanism envisioned for
ISW1a on the basis of the structural studies described is
compatible with generation of the highly organized arrays
observed in mapping studies. Remodelling would begin with
recognition of a pre-existing, well-positioned nucleosome,
possibly augmented by DNA sequence recognition, and is
followed by positional adjustment of the histone octamer of
a second nucleosome via the ATPase domain tethered to the
remodelling factor. Translocation of this second nucleosome
along the DNA would continue until a DNA-binding surface
of the remodeller measures off the preferred length of linker
DNA connecting the two nucleosomes. For ISW1a, the HSS
structural unit provides this ‘protein ruler’ [9]. Propagation
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of array ordering with respect to nucleosome + 1 or − 1
would proceed with ISW1a visiting each pair of adjacent
nucleosomes in the array, probably reiteratively, generating
the observed regularity.

By providing insight into near-atomic resolution, the
structural studies on ISW1a suggest avenues of investigation
to further test chromatin remodelling mechanisms. Structural
analysis with chromatin substrates incorporating specific
promoter sequences in conjunction with remodelling assays
in vivo will be required to gain a definitive understanding
of promoter and nucleosome specificity in the context of
chromatin structure. The design of these experiments would
benefit considerably from nucleosome mapping results at
single nucleotide resolution, free from the errors incurred
by the nuclease cleavage used to produce mononucleosomes.
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