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Centre de Génétique Moléculaire, CNRS, Gif-sur-Yvette, France2

Received 4 July 2008/Returned for modification 7 August 2008/Accepted 16 February 2009

The SANT domain is a nucleosome recognition module found in transcriptional regulatory proteins, includ-
ing chromatin-modifying enzymes. It shows high functional degeneracy between species, varying in sequence
and copy number. Here, we investigate functions in vivo associated with two SANT motifs, SANT and SLIDE,
in the Saccharomyces cerevisiae Isw1 chromatin-remodeling ATPase. We show that differences in the primary
structures of the SANT and SLIDE domains in yeast and Drosophila melanogaster reflect their different
functions. In yeast, the SLIDE domain is required for histone interactions, while this is a function of the SANT
domain in flies. In yeast, both motifs are required for optimal association with chromatin and for formation
of the Isw1b complex (Isw1, Ioc2, and Ioc4). Moreover, nucleosome remodeling at the MET16 locus is defective
in strains lacking the SANT or SLIDE domain. In contrast, the SANT domain is dispensable for the interaction
between Isw1 and Ioc3 in the Isw1a complex. We show that, although defective in nucleosome remodeling, Isw1
lacking the SANT domain is able to repress transcription initiation at the MET16 promoter. Thus, chromatin
remodeling and transcriptional repression are distinct activities of Isw1.

In eukaryotic organisms, DNA is folded into a highly com-
pacted chromatin structure. This packing restricts the accessi-
bility of DNA to various nuclear factors involved in DNA-
templated processes, including transcription. There are several
mechanisms that regulate chromatin structure, among them
covalent modifications of histones provided by histone-modi-
fying enzymes and disruption of histone-DNA interactions by
ATP-dependent chromatin-remodeling enzymes. Although
these two classes of chromatin-modifying factors are function-
ally distinct, their subunits share conserved motifs, such as the
chromodomain, bromodomain, plant homeodomain finger,
and SANT domain (56). These domains are involved in histone
tail recognition and binding, thus providing recruitment of
these enzymes to targeted regions within the chromatin. The
bromodomain shows highly selective binding to acetylated ly-
sines (24, 25, 47). The chromodomain and plant homeodomain
finger bind to methylated lysines (17, 27, 28, 34–36, 39, 49). In
each case, the specific binding is defined by a hydrophobic
pocket, formed by aromatic residues and surrounded by resi-
dues determining the specificity of binding.

In contrast, our understanding of the function of the SANT
domain is still restricted to examples that often prove to be
protein specific. Historically, the SANT domain was identified
based on its homology to the DNA-binding domain of c-Myb
(1). It consists of three alpha-helices arranged in a helix-turn-
helix motif; each helix contains a conserved, bulky aromatic
residue that plays a key role in helix packing. Although struc-
turally similar, the SANT domain and the canonical Myb
DNA-binding domain are functionally divergent (21, 26, 48).

The DNA-contacting residues in Myb are not conserved in
SANT and often prove to be incompatible with DNA interac-
tion. The lack of conservation between SANT domains to-
gether with the variation in sequence and copy number sug-
gests a high functional divergence. In Saccharomyces cerevisiae,
the SANT domain is broadly present among ATP-dependent
chromatin-remodeling enzymes and their complexes (Swi3p
from SWI/SNF, Rsc8p from RSC, and Isw1 and Isw2p from
ISWI), as well as among transcription factors (Bas1p, Tfc5p,
and Tbf1p) and protein components of histone acetyltrans-
ferase (HAT) and histone deacetylase complexes (Ada2p and
Snt1p) (1, 4, 5, 22, 54). In yeast and other species, the SANT
domain has been shown to be essential for protein function,
providing protein-histone interactions or determining the in-
tegrity and activity of complexes (15, 42, 61).

Paired SANT motifs are found in the Drosophila melano-
gaster chromatin-remodeling ATPase ISWI protein (DmISWI)
and its S. cerevisiae homologues Isw1 and Isw2. DmISWI con-
tains two closely spaced SANT motifs at its carboxyl terminus.
The downstream SANT motif, named SLIDE (SANT-like
ISWI domain), contains considerable sequence insertions and
replacements compared to the canonical SANT domain. To-
gether, SANT and SLIDE domains comprise a nucleosome
recognition module, playing different roles in nucleosome rec-
ognition and enzyme activity in vitro (21). Based on crystallo-
graphic and biochemical data, the SLIDE domain of DmISWI
is proposed to be crucial for DNA binding and for the ATPase
activity of the enzyme. Grune et al. suggest that the SLIDE
domain is likely to interact with the major groove of the DNA
closest to the N-terminal tail of H4, allowing direct interactions
between the C-terminal region of DmISWI and H4 tail resi-
dues within the nucleosome (21). A patch of basic residues on
histone H4, which are positioned 1.5 turns on either side of the
entry/exit site for the nucleosomal DNA (16), are required for
nucleosome remodeling by DmISWI (8). Significantly, acety-
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lation of H4, particularly H4K16 and H4K12, reduces the abil-
ity of DmISWI to interact productively with H4 (9, 11). By
contrast, the SANT domain is proposed to be involved in H3
histone binding or presentation (21). Both domains are essen-
tial for the nucleosome-stimulated ATPase activity of DmISWI
in vitro.

Another extensive study was performed on the role of the
SANT-containing C-terminal part of the Isw2 chromatin-re-
modeling ATPase in its docking to nucleosomal and extranu-
cleosomal DNA (13, 14). Here, it was proposed that the
ATPase domain (DEXD lobe) interacts with the internal site
of the nucleosome for translocation along DNA whereas the
HAND, SANT, spacer, and SLIDE domains within the C-
terminal part of Isw2 form contacts with the nucleosome entry/
exit site and the extranucleosomal DNA, allowing efficient
anchoring of the protein, its proper orientation, and direc-
tional nucleosome movement.

These markedly different interpretations of SANT domain
function within the related family of ATPases called our at-
tention to the yeast Isw1 protein, also containing two closely
spaced SANT motifs in its carboxyl terminus. Isw1 is the
ATPase subunit of the Isw1a and Isw1b chromatin-remodeling
complexes. Under stressful conditions, Isw1 shows redundancy
with Isw2 and Chd1 chromatin-remodeling factors (57), al-
though individually the activity of Isw1 is promoter context
dependent, leading to both derepression and deactivation of
transcription (32, 37, 43, 59, 60). Recent data suggest that Isw1
functions in collaboration with the NuA4 HAT complex and
the Swr1 histone replacement complex to establish an appro-
priate chromatin structure genomewide and specifically re-
press TATA-containing stress-responsive genes (37). More-
over, at some TATA-containing genes, Isw1 is proposed to
repress the release of RNA polymerase II (RNAPII) from the
promoter at the postinitiation stage of transcription (44, 45). In
neither of these studies was the role of the catalytic activity of
Isw1 in transcriptional repression determined, so it is not
known whether repression results from nucleosome position-
ing or protein-protein interactions involving Isw1 or both. The
Ioc (Isw one complex) proteins, which modulate Isw1 remod-
eling activity in vitro, also give distinct functions to Isw1 com-
plexes in vivo (18, 44, 45, 55, 59, 60). According to the existing
models, the Isw1a complex (Isw1/Ioc3) is implicated in repres-
sion at initiation while the Isw1b complex (Isw1/Ioc2/Ioc4)
coordinates transcription elongation and termination (40, 44,
45, 60). In addition, Isw1 is proposed to be involved in silencing
of the ribosomal DNA loci independently of Ioc proteins (46)
and of the HMR mating-type locus, where Ioc3 functions re-
dundantly with its homologue Esc8 (12).

Isw1 shares 48% homology with the carboxyl terminus of
DmISWI, although it differs remarkably in the distribution of
charged amino acid residues within this region. The question
we addressed in this study was whether the SANT and SLIDE
domains of Isw1 are essential for nucleosome binding and
protein activity, focusing our attention on in vivo aspects of
Isw1 function in transcription regulation. We show that differ-
ences in the primary structures of SANT and SLIDE domains
in two species, S. cerevisiae and D. melanogaster, reflect differ-
ent functions. Together, the Isw1 SANT and SLIDE domains
provide optimal protein anchoring to nucleosomes, with the
SLIDE domain required for histone interactions. Moreover,

nucleosome remodeling is defective in strains lacking the
SANT or SLIDE domain. Unexpectedly, we found that repres-
sion of transcription by Isw1 takes place even when the SANT
domain is deleted, although this form of Isw1 is incapable of
remodeling nucleosomes. The SANT domain is not required
for Isw1 and Ioc3 interactions (Isw1a), their recruitment to
chromatin, or their role to impede TATA-binding protein
(TBP) and RNAPII binding resulting in repression of tran-
scription. We conclude that the C-terminal domain of Isw1
confers a repressive function in the form of Isw1a, which is
independent of the chromatin-remodeling activity of Isw1.

MATERIALS AND METHODS

Construction of Isw1 deletion derivatives. Wild-type (WT) Isw1 and its cata-
lytic mutant, Isw1K227R, were recovered from the BMA64 and YTT1223 strains
(3, 57) by homologous recombination using linearized pRS306-containing se-
quences homologous to the ISW1 flanking sequences to give rise to plasmids
pRS306-Isw1 and pRS306-K227R, respectively. Isw1 deletion derivatives, lacking
SANT or SLIDE, were constructed by a two-step PCR strategy as described in
reference 21, using a high-fidelity Pfu polymerase (Promega). Mutagenic regions
were cloned into pRS306-Isw1, giving rise to plasmids pRS306-SANT and
pRS306-SLIDE. The SANT domain (amino acids [aa] 881 to 933) was replaced
with the sequence GGGGG and the SLIDE domain (aa 987 to 1050) with the
sequence GGSRG. The identity of the clones was verified by sequence analysis.

Strains and media. Manipulations of strains were done according to standard
procedures. All strains used in this study are congenic to W303-1B, except for the
trp1 deletion, and are listed in Table 1. Strains expressing deletion derivatives
were obtained by integration of SANT, SLIDE, and the K227R mutant from
appropriate plasmids at the ISW1 genomic locus, using the standard URA3
pop-in/5-fluoroorotic acid pop-out method. N- and C-terminal truncation of Isw1
(aa 1 to 743 and 881 to 1129, respectively), epitope tagging, and gene deletions
were done by a single-step gene replacement or sequence insertion using PCR-
generated DNA fragments (38). Hemagglutinin (HA)-tagged TBP was gener-
ated as previously described (33). Appropriate targeting of disruption cassettes
and epitope tagging were confirmed by PCR and Western blotting, respectively.
For most experiments detailed below, strains were grown in yeast extract-pep-
tone-dextrose or methionine-depleted Hartwell’s complete medium to a density
of 1 � 107 to 1.5 � 107 cells/ml at 30°C. Otherwise, yeast was cultured in
yeast-peptone-2% glucose or yeast-peptone-2% galactose to the same density.

Immunoprecipitations. The antibodies used in this study were Myc and per-
oxidase antiperoxidase (Sigma); HA (Santa Cruz); horseradish peroxidase-con-
jugated Myc, H3, and H4 (Upstate); H3K4me1, -me2, and -me3 (Abcam);
H4S1ph (Abcam); and H2BS1ph and H4S1ph (Millipore). Coimmunoprecipita-
tion was done from 2 liters of culture as described previously (59). Cells were
resuspended in 5 ml of buffer A containing 150 mM NaCl, broken by passing
several times through the French press. Cell extract was clarified by centrifuga-
tion at 104 � g for 10 min at 4°C. One milliliter of each extract was incubated with
an appropriate antibody for 2 to 12 h, followed by protein A–Sepharose CL-4B,
immunoglobulin G-Sepharose (Amersham), or glutathione-Sepharose 4B (Phar-
macia) for 90 min at 4°C. Beads were pelleted at 500 � g and washed three times
with ice-cold buffer A containing 150 mM NaCl. Immunoprecipitates were eluted
by boiling in Laemmli sodium dodecyl sulfate loading buffer for 10 min. Samples
of the whole-cell extract, immunoprecipitates, and supernatants were run on a
12% sodium dodecyl sulfate-polyacrylamide gel electrophoresis gel, transferred
to nitrocellulose, probed with the appropriate antibodies, and visualized with
Pico or Femto chemiluminescent substrate (Pierce).

Chromatin immunoprecipitation was performed as described previously (41,
44) with the following modifications. Proteins were cross-linked to chromatin at
room temperature for 30 min. The reaction was stopped by the addition of
glycine to a final concentration of 0.5 M. Cells were broken with glass beads on
a MagNA Lyser (Roche) and subjected to sonication at 4°C using a Haake C25P
sonicator (Thermo Electron Corporation) for 30 min to achieve 300-bp DNA
fragmentation. The sonicated lysate was clarified by centrifugation at 13,000 rpm
for 10 min. The sonicated extract was incubated with antibodies overnight and
with beads for 2 h. Immunoprecipitated DNA was purified using a Qiagen PCR
purification kit and amplified by real-time PCR on Rotor Gene 6000 (Corbett)
or LightCycler480 (Roche) with primers to promoter and coding regions of
different genes (available on request). Error bars in the figures reflect standard
deviations of an average signal obtained from at least three independent exper-
iments. In the case of TBP and RNAPII chromatin immunoprecipitation (ChIP),
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the occupancy values are normalized to the signal at tF(GAA)P2 (tRNAPhe
region in chromosome XVI, coordinates 622628 to 622537). For other experi-
ments, values were normalized to an untagged control. The relative occupancy of
each locus by the protein is presented as a percentage of input.

RNA analysis. Total RNA was prepared by hot acid-phenol extraction (29); 10
�g of RNA was separated on a 1.5% formaldehyde-MOPS (morpholinepropane-
sulfonic acid) agarose gel in a buffer containing formaldehyde, blotted, and
sequentially hybridized to [�-32P]dATP-labeled probe to the 5�-coding region of
MET16 mRNA and 18S rRNA. cDNA was generated by SuperScript II reverse
transcriptase (Invitrogen) using poly(dN)6 random hexamers (Roche) and
oligo(dT)23 primers (Sigma) and quantified by real-time PCR using a set of
primers corresponding to a 200-bp fragment of the 5�-coding region of MET16
and U4 snRNA. Error bars reflect standard deviations of an average signal
obtained from three independent experiments.

MNase mapping. The micrococcal nuclease (MNase) method is based on a
procedure described previously (30, 31, 44, 45). Chromatin was digested with 20
units/ml of MNase for 4 min.

Immunofluorescence microscopy. Immunofluorescence was performed as de-
scribed previously (6). Cells expressing Myc-tagged proteins were grown to a
mid-log phase and then fixed by adding formaldehyde directly to the cultures to
a final concentration of 4.5% for 1 h. Cells were spheroplasted with 30 �l of 10
mg/ml Zymolyase 100T at room temperature for 15 min, washed twice with 1 M
sorbitol, and incubated with antibodies, followed by two washes in phosphate-
buffered saline. The primary antibody used was the mouse monoclonal anti-c-
Myc antibody (1:75 dilution; Sigma) and anti-CBP antibody (1:75 dilution; Open
Biosystems), and the secondary antibodies were Alexa Fluor 488 conjugated to
goat anti-mouse or anti-rabbit immunoglobulin G (1:500 dilution; Molecular
Probes). Nuclei were stained using DAPI (4�,6-diamidino-2-phenylindole) dye.
Cells were visualized on a Zeiss Axioplan 2 imaging fluorescence microscope.

RESULTS

S. cerevisiae Isw1 contains SANT and SLIDE domains. The
C-terminal part of S. cerevisiae Isw1 contains two regions that
share 48% homology with D. melanogaster SANT (DmSANT)
and SLIDE (DmSLIDE) domains. We referred to the corre-
sponding regions as yeast SANT (ySANT; aa 883 to 933) and
SLIDE (ySLIDE; aa 988 to 1052) domains (Fig. 1). Analysis of
the primary structures of two proteins showed that hydropho-

bic residues are well conserved or are conservatively substi-
tuted within the carboxyl terminus of Isw1, although basic
residues present in DmSANT are substituted to acidic residues
within ySANT and vice versa within ySLIDE. As a result, the
surface charge distribution at the carboxyl terminus of Isw1 is
reversed compared to that of DmISWI, the ySANT domain
displays an overall positive charge, with a calculated pI value of
9.2, and the ySLIDE domain is negatively charged, with a
calculated pI value of 5.2 (Fig. 1). Taken together, these ob-
servations suggested that ySANT and ySLIDE domains are

FIG. 1. S. cerevisiae Isw1 SANT and SLIDE domains. (A) Se-
quence alignment of the SANT and SLIDE domains of ISWI homo-
logues from D. melanogaster (ISWI) and S. cerevisiae (Isw1). Con-
served and conservatively substituted residues are in gray boxes;
polarity changes are in boldface and red for Glu (E) and Asp (D) and
blue for Lys (K) and Arg (R). The charge distributions in SANT and
SLIDE are mapped with the use of PyMol software.

TABLE 1. Strains used in this studya

Strain(s) Background Reference

BMA64 MAT� ura3-1 ade2-1 his3-11,5 trp1� leu2-3,112 can1-100 3
YTT1223 MATa isw1K227R 57
MP1 isw1::URA3 This study
MP2 isw1�2641-2799 (SANT, aa 881–933) This study
MP3 isw1�2961-3150 (SLIDE, aa 987–1050) This study
MP4 isw1�2641-3150 (248 C-terminal amino acids) This study
MP5–MP7 Same as MP2–MP4 but ISW1-3� 13MYC::kanMX This study
MP8 Pgal 5�TAP-ISW1�1-2229::HIS3 This study
MP9–MP11 Same as MP2–MP4 but ISW1-3�TAP::URA3 This study
MP12–MP14 Same as MP2–MP4 but isw2::HIS3 chd1::kanMX This study
MP15–MP18 Same as MP1–MP4 but IOC2-13MYC::kanMX This study
MP19–MP22 Same as MP1–MP4 but IOC3-13MYC::kanMX This study
MP23–MP26 Same as MP1–MP4 but IOC4-13MYC::kanMX This study
MP27–MP29 Same as MP2–MP4 but ISW1-3�TAP::URA3 IOC2-13MYC::kanMX This study
MP30–MP32 Same as MP2–MP4 but ISW1-3�TAP::URA3 IOC3-13MYC::kanMX This study
MP33–MP35 Same as MP2–MP4 but ISW1-3�TAP::URA3 IOC4-13MYC::kanMX This study
MP36 Pgal 5�GST-ISW1�1-2229::HIS3 This study
MP37 Same as MP34 but IOC3-13MYC::kanMX This study
MP38 Same as MP34 but IOC4-13MYC::kanMX This study
MP39 MAT� ura3-1 ade2-1 his3-11,5 trp1-1 leu2-3,112 can1-100 SPT15-3HA This study
MP40–MP42 Same as MP1–MP3 but SPT15-3HA This study
MP43 Same as MP2 but also isw1K227R This study
MP44 Same as MP3 but also isw1K227R This study
MP45 MAT� ura3-1 ade2-1 his3-11,5 trp1-1 leu2-3,112 can1-100 isw1K227R This study

a All MP strains were derived from BMA64.
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structurally related to DmSANT and DmSLIDE but may differ
remarkably in their nucleosome recognition functions. Partic-
ularly, the ySLIDE domain appears to be incompatible with a
role in DNA binding, as was suggested for DmSLIDE. We
aimed to determine the contribution of the SANT and SLIDE
domains to Isw1 activity, focusing our attention on aspects of
its in vivo function. For this purpose, we generated strains
expressing WT Isw1, an ATPase-defective form of Isw1 with a
substitution of K227R (Isw1K227R), and derivatives lacking the
SANT or SLIDE domain (Isw1�SANT or Isw1�SLIDE, respec-
tively) or lacking the 248 C-terminal amino acids including
both the SANT and SLIDE domains (Isw1�C) (Fig. 2A). The
three derivatives of Isw1 are expressed as stable proteins and
to the same level as the WT (Fig. 2B). In addition, we gener-
ated a construct expressing the 248 C-terminal amino acids of
Isw1 (Isw1�N) with a C-terminal tandem affinity purification
(TAP) tag from the regulated GAL1 promoter. When induced,
this construct produced the C-terminal peptide at slightly

higher levels than endogenous Isw1 with a C-terminal TAP tag
(Fig. 2C).

Isw1�SANT and Isw1�SLIDE share phenotypes with Isw1�.
Under stressful conditions, such as high temperature and the
presence of formamide, Isw1 shows redundancy with Isw2 and
Chd1 chromatin-remodeling factors (57). We combined
Isw1�SANT, Isw1�SLIDE, or Isw1�C with the isw2� and chd1�
strains to determine whether the SANT and SLIDE domains
are required for stress resistance (Fig. 2D). All combination
failed to grow at high temperature, mimicking the isw1� isw2�
chd1� strain. On plates containing formamide, however, the
chd1� isw2� ISW1�SANT strain showed more resistance than
the chd1� isw2� ISW1�SLIDE or chd1� isw2� isw1�C strain,
suggesting that the SANT and SLIDE domains might confer
different properties to Isw1.

The C-terminal region of Isw1 is required for nuclear local-
ization. To explore the cellular localization of Isw1 and its
derivatives, we performed an immunofluorescence assay with

FIG. 2. Phenotypic characterization of derivatives of Isw1. (A) Deletion derivatives of Isw1 lacking SANT (Isw1�SANT), SLIDE (Isw1�SLIDE),
or both domains (Isw1�C). For SANT and SLIDE proteins, a deleted domain was replaced by a polyglycine spacer. (B) Expression levels of
Myc-tagged Isw1 deletion derivatives analyzed by Western blotting. (C) Expression levels of TAP-tagged WT Isw1 and Isw1�N expressed from a
galactose-inducible promoter and analyzed by Western blotting. (D) Results of temperature and formamide sensitivity growth assays showing
10-fold serial dilutions of the indicated strains, incubated for 3 days at 30°C unless indicated otherwise. glu, glucose; gal, galactose; YPD, yeast
extract-peptone-dextrose.
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cells expressing Myc-tagged or TAP-tagged proteins (Fig. 3).
We found that Isw1�SANT and Isw1�SLIDE localize to the nu-
cleus like WT Isw1. In contrast, the Isw1�C derivative is almost
exclusively present in the cytoplasm, suggesting that a nuclear
localization signal is located within the C-terminal region of
the protein. To confirm this, we examined the localization of a
peptide containing the 248 C-terminal amino acids of Isw1
(Isw1�N). This peptide is present in both the cytoplasm and the
nucleus and indicates that the C-terminal region contains se-
quences sufficient to direct nuclear localization (Fig. 3). Thus,
Isw1 is likely to contain sequences that determine its nuclear
localization within the C-terminal region. The localization of
Isw1�N, Isw1�SANT, and Isw1�SLIDE to the nucleus allowed us
to determine functions associated with these domains.

The C-terminal domain of Isw1 is sufficient for association
with chromatin. The C-terminal domain of Isw1 (Isw1�N) is
expressed as a TAP fusion from the galactose-inducible GAL1
promoter. Given that when induced, at least a proportion of
Isw1�N is nuclear (Fig. 3), we asked whether this region of Isw1
is sufficient for association with chromatin by using the stan-
dard ChIP assay followed by real-time PCR at the locus of the
MET16 gene, whose transcription is regulated by Isw1 (45).
First, we examined the association of full-length TAP-tagged
Isw1 with MET16. As TAP-tagged Isw1 is expressed from its
own promoter, it is expressed in both glucose and galactose. In
glucose, it is recruited to MET16 at both the 5� and 3� regions,
with the highest levels at the 3� open reading frame (ORF)
region, although some of this signal may reflect Isw1 associa-
tion with the promoter of MRP2 close to the 3� region of
MET16 (Fig. 4A). In galactose, the signals across MET16 drop
slightly, probably reflecting the lower overall levels of Isw1 in
the cell (Fig. 2C). Next, we examined the association of Isw1�N

with MET16. When induced in galactose, Isw1�N showed a

profile of recruitment that was very similar to that seen in WT
cells. Although the total levels of Isw1�N are higher than those
of WT Isw1 in galactose medium, a proportion of the protein
is cytoplasmic and the nuclear concentration of Isw1�N is likely
to be lower than that of the WT (Fig. 3, compare top and
bottom panels). In addition, we observed a low binding signal
for both Isw1 and Isw1�N at a control intergenic region (Fig.
4C and data not shown). Thus, the association we observe with
MET16 is unlikely to be explained by nonspecific association of
Isw1�N with chromatin. This suggests that the C-terminal do-
main of Isw1 is sufficient for recruitment to MET16. Next, we
asked which regions within the C-terminal domain are re-
quired for Isw1 association with chromatin.

The SANT and SLIDE domains are required for optimal
Isw1 association with chromatin. We addressed the role of the
SANT and SLIDE domains in the recruitment of Isw1 to
chromatin. ChIP followed by real-time PCR was performed on
the MET16 gene, which is induced when methionine is de-
pleted from the medium (Fig. 4B) or at the induced GAL1
locus (Fig. 4C). The signal obtained is normalized to that
obtained using an untagged strain. No significant signal is ob-
served at the MET16 locus in the strain expressing Isw1�C, with
both SANT and SLIDE deleted, most likely as a result of the
mislocalization of the protein to the cytoplasm (Fig. 4B).

At the repressed MET16 gene, full-length Isw1 is recruited
to the 5� and 3� regions, with the highest levels at the 3� ORF
region (Fig. 4A and B). The association of Isw1�SANT or
Isw1�SLIDE with repressed MET16 is reduced at both the pro-
moter and the 3� ORF. We considered the possibility that loss
of the SANT or SLIDE domain results in a form of Isw1 with
relaxed specificity in its association with chromatin, resulting in
a loss of MET16 due to association elsewhere in the genome.
We tested this by examining three additional loci: induced
GAL1, the FMP27 middle ORF, and an intergenic region from
chromosome V in cells cultured in glucose (Fig. 4C). At both
the GAL1 upstream region and the 3� ORF, association of WT
Isw1 and Isw1K227R was observed while the association of
Isw1�SANT and Isw1�SLIDE to chromatin was reduced three- to
fivefold, similar to that observed with MET16. Similarly, at
FMP27 and the chromosome V intergenic region, low levels of
WT Isw1 and Isw1K227R are evident but the levels are signifi-
cantly lower in the strains expressing Isw1�SANT and
Isw1�SLIDE. This suggests that Isw1�SANT and Isw1�SLIDE do
not show relaxed specificity but a reduced capacity to maintain
their interaction with chromatin. Thus, the SANT and SLIDE
domains are likely to influence Isw1 association with chro-
matin.

Upon activation of MET16, levels of Isw1 association with
chromatin decrease up to 50% at the promoter (Fig. 4B).
Nucleosome loss and histone H4 acetylation are observed at
the active MET16 gene, particularly at the promoter (44), and
these changes to the nucleosomal substrate could account in
part for the reduced Isw1 association with the active gene.
Deletion of either the SANT or the SLIDE domain results in
up to a fivefold drop of Isw1 occupancy at the MET16 locus,
though the signal remains higher than in the strain expressing
Isw1�c. We considered a number of possibilities. SANT and
SLIDE may stabilize direct interactions with histones and/or
DNA. Alternatively, the reduced capacity of Isw1�SANT and
Isw1�SLIDE to interact with chromatin may be influenced by

FIG. 3. The C-terminal part of Isw1 determines its nuclear local-
ization. Immunofluorescence microscopy images of the derivatives of
Isw1 indicated.
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Isw1-associated proteins or result from changes to the chro-
matin template.

Distinct roles for the SANT and SLIDE domains in inter-
actions with histone proteins. To explore whether the reduced
association of Isw1�SANT and Isw1�SLIDE with chromatin re-

sults from a change in their interactions with histone proteins,
we immunoprecipitated TAP-tagged Isw1 proteins and tested
them for the presence of histones H3 and H4 in protein pull-
down assays by Western blotting (Fig. 4D). WT Isw1 copurifies
with both histone H3 and histone H4 (Fig. 4D, lane 6). As yeast

FIG. 4. The SANT and SLIDE domains are required for optimal Isw1 recruitment to chromatin and interactions with the nucleosomal
substrate. (A) ChIP of TAP-tagged WT Isw1 and Isw1�N across MET16. Isw1�N expression is induced from the GAL1 promoter. TAP-tagged WT
Isw1 is grown under identical conditions. (B and C) ChIP of Myc-tagged Isw1 (WT) and deletion derivatives to the MET16 locus under repressed
conditions (OFF) and upon activation (ON) (B) or the induced GAL locus, FMP27, or an intergenic region on chromosome V (Chr V IG) (C).
(D) Coimmunoprecipitation (IP) of TAP-tagged Isw1 and derivatives, with histones H3 and H4 subjected to the posttranslational modifications
shown. The input sample (0.01%) is shown. (E and F) Coimmunoprecipitation of TAP-tagged Isw1 and derivatives, with histone H4 subject to
phosphorylation at serine 1 (H4S1ph) (E) or both H4S1ph and H2BS1ph (F). Only H2BS1ph is evident in the total input material (T). A species
migrating at 17 kDa is shown by an asterisk. The input sample (0.01%) is shown (T). glu, glucose; gal, galactose.
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Isw1 associates indirectly but specifically with a histone H3
peptide when either dimethylated or trimethylated (52), we
examined the modification state of histone H3 in the pull-down
assay with Isw1. All three modifications are evident on histone
H3 in the pull-down assay, with particular enrichment for
H3K4me2 and H3K4me3 compared to the input material.

We found that Isw1�SANT also copurifies with histones H3
and H4 (Fig. 4D, lane 7), suggesting that the SANT domain of
Isw1 is not required for H3-H4 interactions. In fact, we ob-
served that Isw1�SANT reproducibly associated with more his-
tones H3 and H4 than the WT strain, suggesting that
Isw1�SANT shows a higher affinity for these histones than the
WT strain, perhaps as a result of altered posttranslational
modifications. In support of this, Isw1�SANT is associated with
distinctly different modified histones. We reproducibly ob-
served a change in the H3 methylation profile, with selection
against dimethylated lysine 4, and an additional form of H4,
with shifted migration on the gel, in the Isw1�SANT pull-down
assay (Fig. 4D, lane 7). Using an antibody specific to H4S1ph
(Abcam) (Fig. 4E) or to both H4S1ph and H2BS1ph (Milli-
pore) (Fig. 4F), we show that H4 phosphorylated at S1 is likely
to be specifically associated with Isw1�SANT. There appears to
be no detectable H4S1ph in the total extracts, consistent with
previous observations that this is not an abundant modification
in total chromatin. There is, however, a strong band at the
position expected for H2BS1ph in the input material when the
Millipore antibody is used. We note that a band migrating at
about 17 kDa also shows a specific signal with these antibodies,
but its identity is not clear. Phosphorylation often induces a
mobility shift on gels, and histone H4 is known to be phosphor-
ylated on serine 1 during DNA damage (7) and transcription
(58). Specifically, serine 1 phosphorylation is associated with a
reduced activity of the NuA4 HAT and loss of H4 acetylation
(58). H4 acetylation strongly inhibits substrate recognition by
DmISWI in vitro and in vivo (9, 11), raising the interesting
possibility that nucleosome remodeling by yeast Isw1 might
also require H4S1ph and associated deacetylation of H4 and
that Isw1�SANT captures an intermediate in the process.

Next, we examine the histone profile in the immunoprecipi-
tates from the strain expressing Isw1�SLIDE. In contrast to
Isw1�SANT, there is a significant reduction in the total amount
of H3 and, to a lesser extent, H4 in the Isw1�SLIDE pull-down
assay (Fig. 4D, lane 8). We note that although there is very
little histone H3 in the Isw1�SLIDE pull-down assay compared
to that in the WT assay, this appears to be specifically enriched
for K4me3 but not H3K4me2. In addition, the H4 phosphory-
lated at S1 is also evident in the population of H4 molecules.
The enrichment for H4 over H3 in the Isw1�SLIDE pull-down
assay is surprising since H3/H4 are usually considered to be in
a complex within the nucleosomes or as free histones in asso-
ciation with chaperones. Loss of the SANT and SLIDE do-
mains within the C-terminal region of Isw1 (Isw1�C) results in
a very low signal for histone H3 (trimethylated at K4) and a
significant reduction in H4 association.

These data suggest that the SANT motif is dispensable for
the interaction between Isw1 and H3/H4. However, loss of the
SANT domain leads to Isw1 associating with histones carrying
a profile of modifications different from that carried by WT
Isw1. For example, the interaction with chromatin modified
with H4S1ph may reflect intermediates in Isw1 functions on

chromatin while the changes in the H3K4 methylation profiles
might reflect the stability of the interactions. In addition, the
association of Isw1 with chromatin may not solely reflect his-
tone binding. There may also be interactions with DNA, a
function most likely to be associated with the positively
charged SANT domain. We cannot, however, rule out the
possibility that other proteins play a role in tethering Isw1 to
chromatin via the SANT and SLIDE domains. Possible candi-
dates are the Ioc proteins, components of Isw1 complexes
in vivo.

The SANT and SLIDE domains interact with Ioc2 and Ioc4.
To address whether the SANT or SLIDE domain of Isw1
interacts with Ioc proteins, we immunoprecipitated TAP-
tagged Isw1 derivatives and tested them for the presence of
Myc-tagged Ioc proteins in pull-down assays (Fig. 5). We found
that the deletion of SLIDE resulted in a loss of Ioc2 and Ioc4
proteins in the immunoprecipitate (Fig. 5A, compare lanes 6
and 8). As expected, the same result was obtained in the case
of Isw1�C, lacking the whole C-terminal part and localized to
the cytoplasm (Fig. 5A, lane 9). Additionally, the association of
Isw1 with Ioc2 and Ioc4 is significantly impaired when the
SANT domain is deleted. It was previously shown that Ioc2

FIG. 5. SANT and SLIDE are required differentially for interac-
tion with Ioc proteins. (A) Coimmunoprecipitation (IP) of Myc-tagged
Ioc proteins with TAP-tagged Isw1 WT and deletion derivatives.
(B) Coimmunoprecipitation of Myc-tagged Ioc proteins with GST-
tagged Isw1�N. (C) ChIP of Ioc4-Myc to the MET16 3� ORF and
Ioc3-Myc to the MET16 promoter. IgG, immunoglobulin G.
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and Ioc4 are interdependent in their interaction with Isw1, as
loss of either one results in the loss of the other during the
purification of the Isw1b complex (59). It is not known whether
they both interact with Isw1 or whether the binding is mediated
by one of the pair. However, our results demonstrate that the
association of the Ioc2p/Ioc4p heterodimer with Isw1 needs
the integrity of the C-terminal region, including both the
SANT and SLIDE domains.

To address whether the C-terminal region of Isw1 contain-
ing the SANT and SLIDE domains is sufficient for interactions
with Ioc2 and Ioc4 proteins, we immunoprecipitated Myc-
tagged Ioc proteins in the strain expressing 386 glutathione
S-transferase (GST)-tagged C-terminal amino acids of Isw1
(Isw1�N) and tested them for the presence of Isw1�N in pull-
down assays (Fig. 5B). No interaction is observed with either
Ioc2 or Ioc4. This suggests that the interaction between Isw1,
Ioc2, and Ioc4 requires more than sequences in the 386 C-
terminal amino acids of Isw1.

Finally, to confirm the results of coimmunoprecipitation, we
performed ChIP of Myc-tagged Ioc4 in the isw1� strain and
strains expressing Isw1�SANT and Isw1�SLIDE under inducing
growth conditions (Fig. 5C). We found that Ioc4 recruitment
to MET16 is strongly diminished in strains expressing
Isw1�SANT and Isw1�SLIDE. Interestingly, we note that Ioc4
gives a significant signal at the MET16 locus even in the ab-
sence of Isw1, suggesting that Ioc4 may also interact with
chromatin independently of Isw1 and the Isw1b complex.

The SLIDE domain, but not the SANT domain, is required
for an interaction with Ioc3. To address whether the C-termi-
nal region of Isw1 is sufficient for interactions with Ioc3, we
immunoprecipitated Myc-tagged Ioc3 and tested it for the
presence of 386 GST-tagged C-terminal amino acids of Isw1 in
the pull-down assay (Fig. 5B). A clear interaction of Ioc3 with
the C-terminal region of Isw1 is observed.

Then, we examined the regions of Isw1 required for inter-
action with Ioc3 (Fig. 5A, bottom panel). Interestingly, in the
strain expressing Isw1�SANT, significant amounts of Ioc3 are
present in the coimmunoprecipitate. A much weaker interac-
tion is observed in the strain expressing Isw1�SLIDE, supporting
a role for the SLIDE domain in Ioc3 binding.

From previous work, we knew that Ioc3, as a part of the
Isw1a complex, is recruited to MET16, assisting Isw1 in a
specific promoter-proximal dinucleosome positioning and re-
pression of transcription initiation (45). Thus, the next ques-
tion we addressed is whether Ioc3 is recruited to the MET16
locus in the presence of Isw1 lacking the SANT or SLIDE
domain (Fig. 5C). In the absence of Isw1, Ioc3 levels at the
MET16 locus are significantly reduced, suggesting that Ioc3
recruitment to this locus is in part Isw1 dependent. Deletion of
the SLIDE domain also causes a loss of Ioc3 association with
chromatin, similar to that when Isw1 is absent. In contrast, loss
of the SANT domain resulted in a modest reduction in Ioc3
association with chromatin. Furthermore, given that levels of
Isw1 association itself are reduced by this amount in the ab-
sence of the SANT domain (Fig. 4B), we conclude first that the
SANT domain is unlikely to play a major role in Ioc3 associ-
ation with Isw1 or with chromatin and second that the SLIDE
domain is important for Ioc3 tethering to MET16. These ob-
servations led us to ask whether the presence of Isw1�SANT and

Ioc3 at the MET16 locus influences chromatin remodeling or
transcription.

Chromatin remodeling in vivo is defective in strains ex-
pressing Isw1�SANT and Isw1�SLIDE. Under repressive condi-
tions, Isw1 shifts two nucleosomes (�1 and �1) over the
MET16 promoter, masking a TATA box (44, 45). Upon acti-
vation or in the absence of Isw1, the promoter adopts an open
structure and becomes more accessible to the transcription
machinery, allowing more-efficient transcription initiation.
Isw1 controls the rate of these changes (44). To determine
whether SANT and SLIDE contribute to the remodeling ac-
tivity of Isw1, we performed MNase mapping of chromatin at
the MET16 locus. Under repressive conditions, there is a hy-
persensitive site between nucleosomes �1 and �1 at the
MET16 locus (Fig. 6, lane 1). If Isw1 is absent or catalytically
inactive (Fig. 6, lanes 3 and 7), the cleavage pattern at the
repressed promoter resembles that of the WT promoter when
induced (Fig. 6, lane 2) (45). In strains expressing Isw1�SANT

and Isw1�SLIDE, the nucleosome positioning patterns are sim-
ilar and resemble those of Isw1K227R and the isw1� strain or
the WT activated by starvation for methionine. Thus, the de-
letion of either SANT or SLIDE abolishes the nucleosome
remodeling activity of Isw1. This failure to remodel nucleo-
somes may result simply from the reduced association of
Isw1�SANT and Isw1�SLIDE with chromatin, a change in the off
rate for the enzyme/chromatin complex, or the loss of a key
anchoring interaction, such as that involving DNA, histones, or
Isw1-interacting proteins. At present, we are unable to sepa-
rate these. Due to problems obtaining full-length Isw1 protein
in Escherichia coli, we were unable to ask whether the SANT
and SLIDE domains are absolutely required for ATPase ac-
tivity and nucleosome remodeling by Isw1 or whether they
provide anchoring sites for the Ioc proteins which determine

FIG. 6. Isw1 lacking the SANT or SLIDE domain fails to remodel
nucleosomes at the MET16 locus in vivo. Indirect end label analysis of
MNase-cleaved and EcoRI-restricted chromatin prepared from the
indicated strains cultured in the presence (OFF) or absence (ON) of
methionine. The previously mapped nucleosomes (44, 45) (�1 over
the TATA box and �1 spanning the beginning of the ORF) and the
changes that occur upon activation are shown on the schematic. The
hypersensitive site (thick arrow) flanked by nucleosomes �1 and �1 is
lost upon activation and is accompanied by the generation of a hyper-
sensitive region around the TATA box (TATA arrow). The probe
abuts the EcoRI site within the MET16 ORF.
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the outcome of the remodeling reaction (55). Further work in
vitro will be required to fully assess the role of the SANT and
SLIDE domains in the ATPase and remodeling activities of
Isw1 in vitro.

The SLIDE domain provides transcriptional repression at
the MET16 locus. According to the existing models, Isw1, as a
part of the Isw1a complex, represses initiation of transcription
of MET16 (45). After withdrawal of methionine from the me-
dium, the MET16 transcript appears between 5 and 10 min,
reaching maximal levels between 20 and 40 min, although the
precise timing depends on the strain background used. In
the Isw1-depleted strain, the MET16 transcript is evident in the
repressed culture and rapidly peaks to above maximal levels
observed in the WT strain (Fig. 7A) (45). To explore whether
the SLIDE and SANT domains play a role in the repression of
transcription initiation at the MET16 locus, we assess the time
at which the MET16 mRNA appears upon induction by quan-
titative reverse transcription-PCR (Fig. 7A) and Northern
blotting (data not shown).

In this experiment, the absence of Isw1 leads to a failure to
fully repress MET16 and more-abundant transcript levels in
derepressed cultures. Significantly, the strain expressing the
catalytically inactive Isw1 mutant, Isw1K227R, shows an inter-
mediate profile between the WT and isw1� strains, suggesting
that a defect in chromatin remodeling is not the only explana-
tion for transcription repression by Isw1. The transcription
profile of Isw1�SANT is the same as that of the WT, suggesting
that the SANT domain plays no role in transcriptional repres-
sion at the MET16 locus. In contrast, the profile for the strain
expressing Isw1�SLIDE is intermediate between Isw1K227R and
the isw1� strain. This result suggests that the C-terminal part
of Isw1 lacking the SANT domain can produce retardation of
MET16 mRNA transcription in the absence of the ATP-de-
pendent nucleosome remodeling activity of Isw1.

Transcription is a complex process with several successive
steps, including activation and RNAPII recruitment, transcrip-
tion initiation, elongation, termination, and RNA processing.
Defects in each step can have an impact on final mRNA levels.
To further define a role for the C-terminal domain in repres-
sion of transcription, we performed a ChIP experiment to
examine the time at which RNAPII and TBP become detect-
able at the 5� ORF (Fig. 7B) and MET16 promoter (Fig. 7C),
respectively, upon induction. Strains expressing Isw1�SANT and
Isw1�SLIDE were compared to the isw1� strain. We found that
the deletion of SLIDE, as well as the absence of Isw1, resulted

FIG. 7. SLIDE, but not SANT, controls the timing of MET16 tran-
scription initiation, causing a delay in TBP and RNAPII recruitment to
the promoter region upon activation. (A) MET16 RNA abundance,
quantified by reverse-transcribed real-time PCR. U4 snRNA was used
as a reference, and the signal is expressed as a ratio of MET16 RNA/
U4. (B) Association of RNAPII (Rpb1) with the MET16 5� ORF in

strains expressing full-length Isw1 and deletion derivatives and strains
lacking Isw1. ChIP signals were normalized to that of tF(GAA)P2. (C)
Association of TBP with the MET16 promoter in strains expressing
full-length Isw1 and deletion derivatives and strains lacking Isw1. ChIP
signals were normalized to that of tF(GAA)P2. (D) Levels of RNAPII
at the 3� region of the GAL1 ORF in the strains shown from cells
grown in glucose or induced for 60 min in galactose. The high residual
levels of RNAPII in the strains lacking functional Isw1 are due to a
long regulatory transcript normally repressed by an Isw1-positioned
nucleosome. ChIP signals were normalized to that of tF(GAA)P2. (E)
Levels of HSP104 transcript, normalized to scR1 and shown relative to
that of the uninduced signal, for two samples subjected to heat shock
for 10 min in the strain backgrounds shown.
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in earlier recruitment of RNAPII to the coding region of the
gene (Fig. 7B, 10-min time point). The strain expressing
Isw1�SANT behaved like the WT, with a 5-min delay before
RNAPII was observed on the ORF, compared to the strain ex-
pressing Isw1�SLIDE. TBP appearance at the MET16 promoter
showed the same differences between strains expressing
Isw1�SANT and Isw1�SLIDE. In the strain expressing Isw1�SLIDE,
TBP appears 10 min earlier than in the WT and the strain ex-
pressing Isw1�SANT. To see whether these functions are evident
in other genes, we examined RNAPII or RNA levels at two
additional regulated loci, those of GAL1 and HSP104. Sixty
minutes after induction, levels of RNAPII at the 3� region of
GAL1 are significantly higher in Isw1�SLIDE and the isw1�
strain than in Isw1�SANT or the WT (Fig. 7D). Similarly, at the
HSP104 locus, transcript levels follow the same general pattern
as that observed at the MET16 or GAL1 locus after a 10-min
heat shock (Fig. 7E). Moreover, unlike the WT, strains lacking
both ATPase activity and the SANT domain fail to repress,
supporting a redundant function for Isw1 in repressing early-
onset transcription initiation. We conclude that the SLIDE
domain plays a role in transcriptional repression in a mecha-
nism that is likely to be independent of the ATPase activity of
Isw1.

DISCUSSION

Isw1 functions in transcription regulation and chromatin
remodeling in vivo. There are strong correlations between the
nucleosome remodeling activity of Isw1 and transcriptional
repression (12, 45, 53), and current models link these two
functions although direct evidence is lacking. Moreover, infor-
mation concerning the structural and biochemical aspects of
the SANT and SLIDE domains supports their involvement in
nucleosome mobilization and reorganization (13, 21). We
show here that the Isw1 SANT and SLIDE domains are re-
quired for nucleosome positioning at the MET16 promoter in
vivo, but whether this relates to a direct effect of the SANT/
SLIDE domains on ATPase activity or simply defects in the
recruitment of sufficient amounts of Isw1 is not clear at
present. Whatever the explanation for the failure of Isw1�SANT

and Isw1�SLIDE to remodel nucleosomes, we show that tran-
scriptional repression occurs normally in Isw1�SANT. More-
over, Isw1�SANT is able to form an interaction with Ioc3, sup-
porting a role for the Isw1a complex in transcriptional
repression. Thus, this work provides an example of transcrip-
tional control by a chromatin-remodeling ATPase that is inde-
pendent of its nucleosome remodeling activity.

In the fly and Xenopus laevis ISWI, the negatively charged
SANT domain is proposed to be involved in histone interac-
tions (21, 26) while the positively charged SLIDE domain is
likely to interact with DNA (21), combining to facilitate pro-
tein binding to the nucleosomal substrate. The yeast Isw2
ATPase scaffold, formed in a part by SANT and SLIDE, has
been shown to establish contacts with DNA in the entry/exit
site of the nucleosome, providing unidirectional movement of
the DNA (13). In yeast Isw1, the two closely spaced SANT
motifs show high homology to fly ISWI and yeast Isw2 do-
mains, although in Isw1 they differ in surface charge distribu-
tions and associated functions. Thus, in Isw1, the SLIDE do-
main interacts with histones while the fly and Isw2 SLIDE

domains interact with DNA. The different charge distributions
in the SANT and SLIDE domains between Isw1 and Isw2 are
unlikely to reflect differences in remodeling activity per se
since, in vitro, Isw1a and Isw2 show similar specificities which
differ from that of Isw1b (55). However, these differences may
reflect protein-protein interactions (with Itc1 or the Ioc pro-
teins, for example) or covalent modifications to the substrate in
vivo which require different charge distributions. The possibil-
ity that ISWI-like enzymes function as dimers suggests inter-
actions with both the substrate and the enzyme and may in-
clude other functional components such as Ioc proteins (50),
known to stimulate ATPase activity in vitro (59). Thus, while
functioning as ATPases, there may be redundancy in the mech-
anism used to mediate substrate and enzyme interactions
within this family.

Strains expressing Isw1�SANT lack the Isw1b (Isw1, Ioc2, and
Ioc4) complex but have a form of the Isw1a (Isw1 and Ioc3)
complex that is not able to remodel nucleosomes in vivo. Our
data suggest that this form of Isw1a is sufficient to mediate
transcriptional repression at the MET16 locus. This is entirely
consistent with previous data showing that Ioc3 influences re-
pression at the MET16 locus (45) and other loci (12), often
acting redundantly with factors such as Esc8 and Esc2. Taking
into account that neither Isw1�SANT nor Isw1�SLIDE is com-
petent to remodel nucleosomes, it is likely that Isw1�SANT

affects transcription via protein-protein interactions, thus play-
ing a scaffold function. A candidate for Isw1/Ioc3-mediated
repression is TAF1, a component of TFIID, known to have
both activatory and inhibitory effects on transcription (10, 23,
51). Isw1/Ioc3 is found in complexes with Mot1, an enzyme
that displaces TBP from DNA (2), perhaps explaining its in-
fluence on the timing of TBP association at the MET16 locus
(19). Isw1/Ioc3 is also a component of the Sin3 deacetylation
complex (19, 20) together with components of the NuA4
acetyltransferase and casein kinase. Deacetylation of H4 re-
presses transcription and is likely to be required for Isw1a-
mediated nucleosome remodeling. Casein kinase phosphoryl-
ates H4 serine 1, leading to inhibition of NuA4 activity and
promoting Sin3-dependent H4 deacetylation (58) and offering
another explanation for Isw1a-mediated repression. This could
lead to nucleosome remodeling, dephosphorylation of H4S1ph
and subsequent histone acetylation, and fixing of the nucleo-
some position, perhaps also contributing to repression. The
ability of the remodeling-deficient forms of Isw1 to trap
H4S1ph could represent an intermediate in this series of
events.

This work suggests that Isw1 has roles as both an ATPase
and a scaffold supporting protein-protein interactions, both of
which play roles in Isw1-mediated repression of transcription.
We have already described protein-protein interactions requir-
ing the integrity of Isw1, but not its ATPase activity, that
mediate Isw2-dependent nucleosome sliding and transcrip-
tional repression at the CLB2 promoter (53). Just as observed
at the MET16 locus, Isw1 remodels a limited region at the
CLB2 locus, comprising two nucleosomes linking the promoter
to the beginning of the ORF. However, the data presented
here suggest that protein-protein interactions may be as im-
portant as ATPase activity for Isw1 repressive function in vivo.
TAP tag pull-down assay data and synthetic genetic interac-
tions indicate that Isw1 interacts with proteins involved not
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only in transcription but also in DNA replication and repair. It
remains to be seen how the C-terminal domain of Isw1 includ-
ing the SANT and SLIDE domains functions in these pro-
cesses.
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