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The WAC‑downWAC domain in the yeast 
ISW2 nucleosome remodeling complex forms 
a structural module essential for ISW2 function 
but not cell viability
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Abstract 

Background  ATP-dependent nucleosome remodeling complexes of the imitation switch (ISWI) family slide 
and space nucleosomes. The ISWI ATPase subunit forms obligate complexes with accessory subunits whose mecha‑
nistic roles remain poorly understood. In baker’s yeast, the Isw2 ATPase subunit associates with Itc1, the orthologue 
of human ACF1/BAZ1A. Prior data suggested that the genomic deletion of the 374 N-terminal amino acids from Itc1 
(hereafter called itc1ΔN) leads to a gain-of-toxic-function phenotype with severe growth defects in the BY4741 genetic 
background, possibly due to defective nucleosome spacing activity of the mutant complex.  

Results  Here we show that the deletion encompasses a novel motif termed downWAC that forms a conserved 
structural module with the N-terminal WAC domain. The module is predicted to interact with DNA. However, it does 
not form a stable interaction interface with the remainder of the complex. Instead, it is connected through a long 
disordered polypeptide linker to the remainder of the complex. Curiously, the itc1ΔN allele does not lead to measur‑
able growth defects in haploid BY4741 and diploid BY4743 strains. It also does not alter genome-wide nucleosome 
organization in wild-type cells. To rule out that potentially redundant remodeling factors obscure itc1ΔN-associated 
phenotypes, we repeated experiments in cells devoid of ISW1 and CHD1 remodelers with the same results. Only 
at known target genes of the ISW2 complex was the nucleosome organization perturbed in itc1ΔN cells.

Conclusions  We conclude that the deletion of Itc1 N-terminus is indistinguishable from the full deletion 
of either ITC1 or ISW2. As such, itc1ΔN should be considered a null allele of ISW2. We propose a model, in which 
the WAC-downWAC module, along with a flexible protein linker, helps ISW2 in searching for its target genes 
and positioning + 1-nucleosomes.

Keywords  ISW2, Itc1, WAC domain, Nucleosome remodeler, Nucleosome positioning and spacing, Saccharomyces 
cerevisiae, ACF, CHRAC​, MNase-Seq

*Correspondence:
Felix Mueller‑Planitz
felix.mueller-planitz@tu-dresden.de
Full list of author information is available at the end of the article

http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s13072-025-00593-7&domain=pdf


Page 2 of 11Singh et al. Epigenetics & Chromatin           (2025) 18:30 

Background
Nucleosome positions in eukaryotes are precisely con-
trolled by numerous highly conserved nucleosome 
remodelling enzymes. Most of these enzymes can repo-
sition nucleosomes along DNA in a process termed 
nucleosome sliding [1–6]. Some, including the ISWI and 
CHD1 classes of remodelers, can also equilibrate the dis-
tances between nucleosomes in vivo and in vitro [7–11], 
a process that is called nucleosome spacing. Accurate 
nucleosome positioning is crucial for regulating gene 
expression and maintaining chromatin structure [12].

Remodeling enzymes tend to form multi-subunit com-
plexes. The Saccharomyces cerevisiae ISW2 remodeling 
complex, for instance, consists of the ISWI-type ATPase 
subunit Isw2 and a large accessory subunit called Itc1 
(Fig.  1A, B) [13, 14]. Two histone-fold containing pro-
teins, Dls1 and Dpb4, may also associate with the ISW2 
complex [15, 16]. ISW2 slides and spaces nucleosomes 
in vitro and in vivo [10, 13, 17–19].

The ISW2 complex is orthologous to the human and 
Drosophila melanogaster (Dm) ACF/CHRAC complexes. 
These complexes contain the accessory Acf1 subunit (also 
known in humans as BAZ1A), which possesses homology 
to yeast Itc1. Like yeast ISW2, ACF/CHRAC complexes 
slide and space nucleosomes in vitro and in vivo [20–25]. 
The role of the accessory subunits of these complexes, 
Itc1 in Saccharomyces cerevisiae (Sc) and Acf1 in metazo-
ans, remain mostly unclear.

Previous work pointed to a critical functional role 
of the N-terminal region of Itc1 and Acf1. This region 
includes a WAC (WSTF/Acf1/Cbp146) motif (Fig.  1B). 
Deletion of the WAC motif in Drosophila Acf1 lowers 
DNA affinity and modestly slows down activity of the 
complex [26]. Strikingly, deletion of the 371 N-terminal 
amino acids of Homo sapiens (Hs) Acf1 led to severe cata-
lytic defects in  vitro. This deletion quantitatively abol-
ished the ability of the HsACF complex to measure the 
length of DNA that flanks the nucleosome, the so called 
linker DNA in vitro [27]. Without sensing the length of 
linker DNA, HsACF should no longer be able to space 
nucleosomes in vivo.

Experiments with the orthologous yeast complex sup-
ported a critical functional role of the N-terminal region 
of HsAcf1. The analogous deletion in ScItc1 (amino acids 
2–374; hereafter called itc1ΔN) (Fig.  1B) dramatically 
reduced cellular growth in the BY4741 yeast background 
[27]. The strong growth phenotype of itc1ΔN was curi-
ous given that neither ITC1 nor its binding partner ISW2 
are essential genes, suggesting that itc1ΔN causes a gain 
of toxic function in the BY4741 yeast background. Sur-
prisingly, another study did not detect lethality induced 
by the N-terminal deletion of Itc1 in the W303 yeast 
strain [28]. Perhaps deletion of Itc1’s N-terminus is toxic 

in one but not the other genetic background. Different 
reliance of yeast strains on the presence of remodelers is 
not unprecedented: whereas the INO80 remodeler is dis-
pensable in the BY4741 background, it is essential in the 
W303 background [29].

Here we sensitively test the hypothesis that the absence 
of Itc1’s N-terminus leads to a gain of toxic function, pos-
sibly through the mutant remodeler producing irregu-
larly spaced nucleosomes. Unexpectedly, our results 
demonstrate that the deletion of the N-terminus of Itc1 
is well tolerated in the BY4741 yeast background with 
no measurable growth defect. We ruled out that other 
remodelers that space nucleosomes interfered with our 
results. We measured the genome-wide nucleosome 
organization and did not find evidence for itc1ΔN causing 
abnormal levels of irregular nucleosome spacing. Instead, 
we found that the N-terminus of Itc1 is essential for 
proper functioning of the ISW2 complex at ISW2-regu-
lated genes, where ISW2 positions the + 1-nucleosome 
and spaces nucleosomes downstream. With the help of 
structural predictions, we identified a ‘downWAC’ motif 
in the N-terminal part of Itc1. This motif forms a struc-
tural module together with the WAC motif. The WAC-
downWAC module appears to be only loosely associated 
with the remainder of the complex. It likely helps ScISW2 
to associate with its target genes by functioning as an 
anchor to DNA or to specific transcription factors.

Results
We first inspected the domain architecture of ScItc1. 
Only four domains have been identified through homol-
ogy searches in ScItc1 so far. Among them is an N-ter-
minal WAC domain, a central DDT domain and three 
WHIM motifs in the C-terminal half (Fig. 1B) [30]. This 
organization is shared with the orthologues of ScItc1 
in metazoans called ACF1 (aka. BAZ1A in humans), 
although ACF1 possesses domains C-terminal of the 
WHIM motifs, including two PHD fingers and a Bromo-
domain [26].

To discover additional folded regions in ScItc1, we 
employed IUPred2 [31]. We identified a region with low 
disorder (i.e., low IUPred2 score) just C-terminal of the 
WAC domain. This region is congruent to a motif pre-
viously named downWAC [32] (Fig. 1B, C). The protein 
sequence of the downWAC region appears to be weakly 
conserved with similar regions in HsACF1, DmACF1, 
and HsBAZ1B, aka. WSTF (Fig. S1A).

As structural data for ScItc1or of the full ScISW2 
complex are missing, we predicted the structure of the 
entire ISW2 complex with AlphaFold 3 [33] (Fig.  1, B, 
D). The model shows a mostly well-structured, largely 
α-helical body, with only few disordered regions. 
Intriguingly, the downWAC region interacts with the 
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Fig. 1  The downWAC motif in the N-terminal regions of ScItc1 and HsACF1 forms a structurally conserved module with the adjacent WAC domain. 
A Domain organization of ScIsw2. B Domain organization of ScItc1. C Prediction of protein disorder using IUPred2A of ScItc1. D Structural model 
of the ScISW2 complex generated by AlphaFold 3. The left, middle and right panels show ScIsw2, ScItc1, or both, respectively. E Superimposed 
AlphaFold 3 predictions of the WAC-downWAC modules across multiple homologous proteins. F Structural similarities of the WAC-downWAC 
modules shown in the previous panel. Shown are root-mean-square deviations (RMSD) to HsAcf1. G Electrostatic surface potential 
of the WAC-downWAC module in ScItc1. Note the positive surface (blue), which could help in DNA binding, as suggested before [26, 27]
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WAC domain in the AlphaFold model (Fig. 1D, E). The 
structural module formed from WAC and downWAC is 
well conserved across homologous proteins (Fig. 1E, F), 
suggesting that its function remains conserved as well.

Notably, one side of the WAC-downWAC module 
possesses a highly positively charged interface (Fig. 1G). 
Residues from both the WAC and down-WAC regions 
contribute to this interface (Fig. S1B). The positive 
charge might allow the module to interact with nega-
tively charged nucleic acids, in line with a possible role 
in DNA binding [26, 27].

We next inspected how the WAC-downWAC mod-
ule attaches to the remainder of the ISW2 complex. 
A long linker (aa 272 to 382) connects it to the rest of 
ScItc1. This linker is unfolded, as evidenced by a low 
or very low pLDDT quality score (70 > pLDDT > 50 or 
pLDDT < 50, respectively), consistent with the IUPred2 
prediction above (Fig. 1C).

AlphaFold positions the WAC-downWAC module 
near the second RecA-like lobe (Lobe2) of Isw2 (Fig. 1D). 
However, the interaction interface between the mod-
ule and the rest of Isw2 is small (< 600 Å2) suggesting an 
instable interaction or unreliable prediction.

Unstable binding between the WAC-downWAC mod-
ule and the remainder of the complex is supported by the 
predicted aligned error (PAE), a measure of how confi-
dent the algorithm is in pair-wise distances between 
amino acids [33, 34]. The WAC-downWAC module 
strongly segregates from the remainder of the complex 
in the PAE matrix (Fig. 2A). No pairwise distances to any 
other residue outside of the WAC-downWAC region in 
ScItc1 or in ScIsw2 possess high confidence. The same 
is true for the long, unfolded linker (aa 272 to 382) dis-
cussed above. The PAE matrix for an AlphaFold predic-
tion of the orthologous DmACF complex reveals the 
same features (Fig.  2B). We therefore propose that the 
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Fig. 2  The WAC-downWAC module does not stably associate with other protein domains in the ScISW2 and DmACF complexes. A PAE matrix 
of the ScISW2 complex. The N-terminal WAC-downWAC module segregates from the remainder of the matrix. Rigid domain-domain interfaces 
are predicted to occur between the C-terminal HAND-SANT-SLIDE domain of Isw2 and the body of ScItc1, including its DDT, WHIM1, WHIM2 
and WHIM3 domains. Note the miniature domain organizations on the right and bottom with colors as in Fig. 1A, B. B PAE matrix of the DmACF 
complex. C The SLIDE domain of ScIsw2 (deep purple) interacts with the WHIM1 (light pink), WHIM2 (pink), WHIM3 (dark pink), and DDT domains 
(green) of ScItc1. Interacting amino acids are indicated. D As panel C, but for DmACF
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WAC-downWAC modules do not form stable interaction 
interfaces with the remainder of the complexes in ACF 
and its orthologues. It is as if the WAC-downWAC mod-
ules are attached to the rest of the complexes via a flex-
ible polypeptide linker.

The PAE matrices also hold clues as to how the com-
plexes are held together. The C-terminal quarter of 
ScIsw2, particularly its SLIDE, has high confidence dis-
tance predictions to residues across most regions of 
ScItc1 except the N-terminal 382 amino acids. The PAE 
matrix of the DmACF structural model conveys the same 
behavior (Fig. 2B). These results suggest that the subunits 
rigidly associate and that the SLIDE domain plays a dom-
inant role in this process.

As predicted from the PAE matrices, the SLIDE 
domains of ScIsw2 and DmISWI are engulfed by ScItc1 
and DmACF1. The DDT and the WHIM motifs 1 and 2 
contact the tip of the SLIDE domain (Fig. 2C, D) as pre-
dicted previously [30].

To investigate the molecular underpinnings of the 
drastic growth defect caused by deletion of the WAC-
downWAC module of ScItc1 in the BY4741 background 
[27], we deleted amino acids 2–374 of ScItc1 in haploid 
BY4741 cells by direct transformation. We collected three 
independent colonies and confirmed successful deletion 
by PCR and whole-locus Sanger sequencing. Surpris-
ingly, we did not observe the previously described growth 
defects in all three biological replicates (Fig. 3A).

We considered the possibility that our haploid itc1ΔN 
strains only grew normally because they had acquired 
secondary suppressor mutations that allowed itc1ΔN cells 
to proliferate. We therefore deleted Itc1’s N-terminus in 
diploid BY4743 cells. We selected heterozygous mutants 
which harbor one wild-type ITC1 copy. We then per-
formed sporulation followed by tetrad dissection to form 
four haploid spores. Two of the four spores should carry 

the itc1ΔN allele. Cells arising from itc1ΔN spores would 
be expected to exhibit severe growth defects because 
possible suppressor mutations should not strictly seg-
regate with itc1ΔN. Contrary to the expectation, we 
observed no growth defects in colonies formed by any of 
the four spores in full medium (YPDA; 50 tetrads were 
analyzed from two independently created heterozygous 
diploids; Fig.  3B, Fig. S2). We confirmed the presence 
of the itc1ΔN allele by replica-plating colonies on mini-
mal medium lacking histidine (SC  -His). Moreover, we 
selected two histidine-prototrophic colonies from the 
tetrad 1 and confirmed the presence of the itc1ΔN allele 
by PCR and by Sanger sequencing from genomic DNA.

We next considered the possibility that the Itc1ΔN pro-
tein is unstable and rapidly degraded, thereby bypassing a 
toxic gain-of-function phenotype. To test this possibility, 
we FLAG-tagged the C-terminus of Itc1 in two independ-
ent transformants to perform western blots. The western 
blot results show that cells robustly express Itc1ΔN-FLAG, 
even to higher levels than the full-length Itc1-FLAG 
(Fig.  3C). At the same time, the FLAG-tagged Itc1ΔN 
strains showed similar growth as WT cells (Fig. S3). Col-
lectively, the expression analysis strongly argues against 
the possibility that Itc1ΔN protein is rapidly degraded, 
thereby masking a toxic phenotype. It remains formally 
possible though that the C-terminal FLAG tag itself acts 
as yet another suppressor of toxicity of the N-terminal 
deletion of Itc1.

Collectively, genetic, phenotypic and expression anal-
ysis strongly argue against the possibility that the dele-
tion of the N-terminus of ScItc1 induces a toxic gain of 
function phenotype in BY4741 cells. We note that our 
tetrad dissection may have missed a tightly linked sup-
pressor mutation. This mutation, however, would have 
had to occur in two independently created heterozy-
gous diploids, which we consider unlikely.

Fig. 3  Deletion of the N-terminus of Itc1 does not affect cell viability in S. cerevisiae BY4741: A Spot dilution assay of cells generated by direct 
replacement of the ITC1 gene with itc1ΔN-HIS3 cassette in the BY4741 background. Ten-fold dilutions are shown. B Representative tetrad dissection 
plate of a diploid heterozygous itc1ΔN/ITC1 yeast strain. Tetrads were dissected on a YPAD plate, colonies grown for three days and replica-plated 
on histidine-lacking medium (SC -His) to identify the colonies with the itc1ΔN-HIS3 cassette. C Western blot showing expression of Itc1 and its 
binding partner Isw2 in whole cell extracts. Proteins were C-terminally tagged with FLAG (Itc1) and TAP (Isw2). Histone H3 served as a loading 
control. Uncropped images can be found in Fig. S4
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Given the absence of a strong phenotype in itc1ΔN 
cells (this work) and the known specialization of the 
ISW2 complex to work only on a few hundred genes, 
we also expected at most mild alterations in the nucleo-
some landscape. To test this prediction, we performed 
micrococcal nuclease sequencing (MNase-Seq). As 
predicted, the genome-averaged nucleosome architec-
ture remained indistinguishable in itc1ΔN cells com-
pared to cells with wildtype cells (WT) (Fig.  4A, left, 
Fig. S5). Also, the average nucleosome-to-nucleosome 
distance, the so-called nucleosome repeat length (NRL) 
remained indistinguishable (Fig.  4B left). As controls, 
we performed full deletions of ITC1 and ISW2 (Fig. 4A, 
left), which also did not lead to noticeable changes 
compared to WT, confirming earlier work [10, 35–37]. 
We conclude that the itc1ΔN mutation does not induce 
genome-wide changes in nucleosome organization. 
This result is consistent with the absence of growth 
phenotype (see above) but cannot be readily reconciled 
with the previously reported gain of toxic function of 
this deletion.

The wild-type ISW2 complex is known to slide 
the + 1-nucleosome towards the promoter region at spe-
cific genes [18, 36]. Therefore, we tested nucleosome 

organization and NRL at these ISW2-dependent genes. 
Using DANPOS [38], we identified 230 genes that expe-
rienced a downstream shift of their + 1-nucleosome by 
more than 10  bp upon deletion of ISW2 (Table  S1, S2) 
(Fig.  5). The + 1 nucleosomes of these genes shifted by 
the same amount, 24 bp, in itc1Δ and itc1ΔN cells (Fig. 4A 
right; Table S1), suggesting that the mutant ISW2 com-
plexes are similarly defective in + 1-nucleosome position-
ing as cells lacking the Isw2 ATPase subunit.

Nevertheless, we found that the NRL in ISW2-depend-
ent genes (Table S2) in isw2Δ cells is decreased by 2 bp 
compared to wild-type (WT), possibly arising from the 3’ 
shifted promoter-proximal nucleosomes. The NRL over 
the same genes is also decreased by 2  bp in itc1Δ cells 
and even in itc1ΔN cells (Fig.  4B right). The results sug-
gest that deletion of Itc1’s N-terminus does not allow the 
ISW2 complex to function properly in vivo. Furthermore, 
the double deletion of Isw2 ATPase and the Itc1’s N-ter-
minus did not lead to additive effects, confirming that the 
phenotype seen in itc1Δ cells is mediated through Isw2 
(Fig. 4A, B, 5). Lastly, we tested the effects of deleting just 
the WAC motif in available MNase-Seq datasets [28] in 
the W303 background (Fig. S6). The itc1ΔWAC​ pheno-
copied the full deletion of isw2, supporting the idea that 

Fig. 4  Deletion of the N-terminus of Itc1 protein affects nucleosome organization only at ISW2-specific genes. A Average nucleosome organization 
in the indicated yeast strains (see legend). Left: composite nucleosome organization over all yeast genes (5015); right: over Isw2-dependent genes 
(230; Table S2). A gene was considered to be Isw2-dependent if its + 1-nucleosome location was shifted downstream into the gene body by at least 
10 bp in isw2Δ datasets compared to WT. Values above each peak in left panel indicate a downstream shift of nucleosomes (in bp) in isw2Δ mutant 
relative to WT. B Boxplots showing nucleosome repeat length (NRL) distribution in the same set of genes as in A. Boxplots represent the median, 
interquartile range and 1.5X of the interquartile range. Statistical significance comes from a two-tailed Welch’s t-test performed on the mean NRL 
values of two or three datasets. MNase-Seq was performed twice in MATa and once in MATα background in all strains except in itc1ΔN for which 
only the MATa background was used. Horizontal dotted line indicates the median NRL in WT. See Fig. S5 for the individual mutants overlaid with WT
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WAC and downWAC form a structural and functional 
module.

We next considered the possibility that effects of N-ter-
minal ablation of Itc1 on the growth phenotype and on 
the nucleosome architecture may be obscured by other 
remodeling factors. In fact, the ISW1 and Chd1 remod-
elers can act redundantly to ISW2 on the nucleosome 
organization at shared genes [36, 37]. Therefore, we stud-
ied the effects of the itc1ΔN allele in isw1Δ chd1Δ double 
knockout (DKO) cells. No growth defect became appar-
ent upon deletion of Itc1’s N-terminus, nor did the loss of 
the ISW2 gene cause a growth phenotype (Fig. 6A). Also 
the overall chromatin architecture was unchanged com-
pared to DKO cells (Fig. 6B left; Figs. S7, S8). The results 
again do not support a gain of toxic function phenotype 
of the itc1ΔN allele even in absence of two remodelers that 
could potentially obscure molecular phenotypes through 
functional redundancy.

Finally, we tested if ISW2 needs the activity of Isw1 and 
Chd1 remodelers to function properly, and if Itc1’s N-ter-
minus is needed for this activity. The + 1 nucleosomes on 
ISW2-dependent genes are similarly downstream-shifted 
in itc1ΔN and isw2Δ cells compared to DKO cells (Figs. 5, 
6B right; Figs. S7, S8). The magnitude of the shift (23 bp 
and 25 bp in itc1ΔN and isw2Δ-deleted DKO cells, respec-
tively) is comparable to the downstream shift seen in cells 
with functional Isw1 and Chd1 remodelers (Fig. 4A right, 
Table S1). The lack of well-positioned nucleosomes in the 
gene bodies in DKO cells prevented us from calculating 
NRL at individual genes (Fig.  5). We conclude that the 
ISW2 remodeling complex does not depend on Chd1 and 
Isw1 remodeling factors to position the + 1 nucleosomes, 

and that the ablation of ITC1’s N-terminus phenocopies 
the deletion of ISW2.

Discussion
ISWI is a highly conserved ATPase that forms a diverse 
set of remodeling complexes in eukaryotes [39, 40]. The 
functions of associating subunits, like that of Acf1 in 
ACF/CHRAC or the orthologous Itc1 in the yeast ISW2 
complex, are poorly understood. Previous work impli-
cated the N-terminal region of human Acf1 in linker 
length sensing, implying that it is functionally needed 
to space nucleosomes [27]. The reported drastic growth 
phenotype associated with the itc1ΔN allele underscored 
the importance of the N-terminus. It also implied that 
the mutant ISW2 complex has gained a toxic function, 
perhaps by producing irregular spacing if nucleosomes in 
parts of the genome.

Unexpectedly, we found Itc1’s N-terminus includ-
ing the WAC domain to be completely dispensable for 
growth in BY4741 cells. We searched for but did not find 
possible suppressor mutations in our mutant strains that 
would reconcile our data with the previously reported 
drastic growth defect. It remains possible, however, that 
the introduction of our selection cassette (HIS3) inad-
vertently introduced a suppressor. CRISPR-guided gene 
editing could be used in the future to surgically remove 
Itc1’s N-terminus without leaving other traces in the 
genome.

Loss of the Itc1 N-terminus also did not induce rogue 
remodeling of nucleosomes as might be expected if from 
a toxic remodeler mutation. Collectively, our results do 
not support a gain of toxic function phenotype. Given 
that Itc1 N-terminus is unessential in W303 yeast cells 

Fig. 5  Genome browser snapshot over two representative genes in the indicated yeast strains. Red dashed arrows represent the + 1-nucleosomes 
that experience a downstream shift in itc1 and isw2 mutant cells
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as well [28], we propose that loss of the Itc1’s N-terminal 
region is generally well tolerated under standard growth 
conditions in S. cerevisiae.

We find instead that deletion of Itc1’s N-terminus leads 
to a full ISW2 loss of function phenotype. In none of our 
assays could we distinguish itc1ΔN from isw2Δ or itc1Δ 
alleles. These results are in line with a recent study that 
proposes that ISW2 relies on Itc1’s N-terminus to iden-
tify its target genes [28]. In fact, we found similar set 
of genes showing the + 1-nucleosome shift upon dele-
tion of the Isw2 ATPase, Itc1 or the N-terminus of Itc1 
(Table S2). This result argues against the possibility that 
the mutant ISW2 complex is mistargeted to a different 
set of genes than WT and instead points to a loss of func-
tion phenotype associated with the itc1ΔN allele.

Our structural predictions suggest that the WAC-
downWAC region forms a structural module that is flex-
ibly linked to the remainder of the complex. The WAC 
domain contains a transcription factor binding motif 
[28], and it associates with DNA [27, 30]. We therefore 
speculate that the WAC-downWAC module may help 
the remodeling complex to scan the genome for cognate 

transcription factors (TF). Once the module latches onto 
a TF, the long and flexible polypeptide linker may act like 
a ‘leash’ for the remainder of the complex, allowing ISW2 
to explore the immediate vicinity for nucleosomes that 
need to be translocated (Fig. 7).

Methods
Structural predictions
AlphaFold 3 [33] was used to predict the structures 
of ScItc1 (Uniprot  ID:  P53125) bound to ScIsw2 (Uni-
prot ID: Q08773), of HsACF1 (Uniprot ID: Q9NRL2), 
of DmACF1 (Uniprot ID: Q9V9T4), and of HsBAZ1B 
(Uniprot ID: Q9UIG0). All structures were aligned to 
the WAC-downWAC domain of ScItc1 using the match-
maker tool in ChimeraX [41]. The RMSD values were cal-
culated relative to HsACF1. PAE matrices were generated 
using PAE viewer [34]. The protein disorder prediction of 
ScItc1 was generated using the long option of IUPred2A 
[31]. Figures were designed using Inkscape Version 1.2.

Fig. 6  Deletion of the N-terminus of Itc1 does not affect cell viability and nucleosome organization in isw1Δ chd1Δ double knockout cells. A 
Spot dilution (five-fold) assay of cells generated by direct replacement of Itc1 gene with the N-terminus lacking Itc1 construct in isw1Δ chd1Δ 
background. B Composite plots showing nucleosome organization of all yeast genes (left) and genes exhibiting a shift in the + 1-nucleosome 
location by at least 10 bp in isw2Δ strain (right) in the indicated yeast strains. MNase-Seq was performed once in MATa and MATα background 
for mutant strains with similar results. Shown are data from the MATa background. See Fig. S7 for deletions in MATα background and Fig. S8 
for individual mutants overlaid with WT sample
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Yeast strain generation
All yeast strains used in the study are derived from the 
S288c background (Table S3). To delete one copy of the 
N-terminus of Itc1, the ITC1 gene was first cloned in 
pRS406 plasmid with the HIS3 marker gene downstream 
of the Itc1 gene to yield plasmid pFMP773. Amino acids 
2–374 of Itc1 were deleted from pFMP773 using oligo-
nucleotides oFMP722 and oFMP723 by Gibson clon-
ing (Table  S4), yielding pFMP777. The insert was fully 
sequenced with Sanger sequencing (oFMP513–oFMP518 
and oFMP572–oFMP575). The mutant construct was 
PCR amplified with oFMP544 and oFMP773, agarose gel 
purified and transformed into BY4743 (yFMP721) strain. 
Cells were plated on SC-His media and single colonies 
were picked after three days. Genomic DNA was isolated 
and the itc1 locus was tested by PCR using oFMP456, 
oFMP457 and oFMP502. Colonies that showed two 
bands corresponding to the WT ITC1 and the mutant 
allele were selected, yielding yFMP298 and yFMP299.

For direct deletion of the N-terminus of Itc1 in hap-
loid yeasts, the mutant construct along with HIS3 gene 
was PCR-amplified using oFMP544 and oFMP773 from 
pFMP773 and transformed into BY4741 (yFMP009) 
strain, yielding yFMP039, yFMP040 and yFMP041. 
The mutant strains were fully sequenced with Sanger 
sequencing for any mutations at the Itc1 locus using 
oFMP513–oFMP518 and oFMP572–oFMP575. The WT 
or mutant Itc1 genes were C-terminally FLAG-tagged 
as follows: The plasmids pFMP773 and pFMP777 were 

PCR amplified using oligos oFMP700 and oFMP701. The 
FLAG-tag sequence was PCR amplified from the plas-
mid pFMP741 with oligos oFMP702 and oFMP703. Both 
PCR fragments were assembled using Gibson assembly 
to C-terminally tag the WT or mutant Itc1 genes lead-
ing to plasmids pFMP775 and pFMP757, respectively. 
As above, the FLAG-containing constructs were PCR 
amplified with oFMP544 and oFMP773, agarose gel puri-
fied and transformed into yFMP168, yielding yFMP197, 
yFMP198, yFMP200 and yFMP202. The successful inser-
tion at the Itc1 locus was confirmed by PCR.

To generate yeast strains lacking combinations of 
genes ISW1, CHD1, ISW2 and the N-terminus of Itc1, 
first cells lacking ISW1 and CHD1 in opposite mating 
type (yFMP001 and yFMP296) were mated (yFMP294). 
Yeast strain lacking both ISW1 and CHD1 were gener-
ated by sporulation and tetrad dissection (yFMP360, 
362). To generate a triple mutant of ISW1, CHD1 and 
ISW2 or N-terminus lacking Itc1, yFMP362 was mated 
strain lacking ISW2 (yFMP007) or the N-terminus of 
Itc1 (yFMP039), followed by sporulation and tetrad dis-
section. Loci ISW1 and ISW2 with the same selection 
marker (KanMX) were confirmed by PCR (oFMP628, 
629, 671, 672).

Sporulation and tetrad dissection
Diploids lacking one copy of the N-terminus of Itc1 were 
grown in YPA + 4% glucose media and sporulated in min-
imum sporulation media lacking Histidine (1% KOAc, 
leucine 25  mg/L, uracil 5  mg/L) at 23  °C for 4–5  days. 
Spores were dissected on a Singer MSM 400 dissec-
tion microscope on YPAD plates and grown at 30 °C for 
2–3  days. Tetrads were replica plated on SC-His plate 
and grown for 1–2 days.

Growth assay
Cells were grown overnight in YPAD media and diluted 
to OD 600 1.0 in sterile water. 10- or fivefold dilutions 
were generated and 10  μl were plated on YPAD media. 
Images were taken after 3 days of incubation at 30 °C. The 
assay was performed twice.

Western blot
Whole cell extracts of cells grown in YPAD media to OD 
0.8 were prepared using the NaOH/TCA precipitation 
method [11]. Blots were blocked with PBS + 5% skimmed 
milk + 0.1% Tween-20. The primary antibodies used were 
anti-FLAG (Sigma Cat# F1804, 1:20,000 dilution) and 
anti-H3 (Abcam Cat# ab1791, 1:20,000 dilution). West-
ern blot was performed twice.

TF-1 +1

TSS

ISW2

leash

WAC-downWAC

ITC1

Fig. 7  Speculative Model. The WAC-downWAC module 
(yellow-orange) is connected to the remainder of the complex (blue, 
purple, grey; colors similar to Fig. 1A, B, D) via a long unstructured 
polypeptide linker. This linker may facilitate the WAC-downWAC 
module to scan the genome for appropriate transcription factors 
(TF, red) [28]. It then anchors the complex near the TF-bound DNA 
[26, 27]. The long linker allows remodeling of nucleosomes that are 
in the immediate vicinity
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MNase‑Seq
Yeast nuclei preparation, micrococcal nuclease diges-
tion and high-throughput sequencing libraries prepara-
tion were done as previously described [11, 42]. Briefly, 
cells were grown in 500 ml YPAD media to OD 600 1.0. 
Cells were harvested by centrifugation (3000 × g, 8 min, 
4  °C), washed with cold water and resuspended in 
0.7 M ß-mercaptoethanol, 28 mM EDTA pH 8.0. Cells 
were incubated at 30 °C for 30 min, washed with 40 ml 
ice-cold 1 M sorbitol and resuspended in 5 volumes of 
1  M sorbitol, 5  mM ß-mercaptoethanol. 2  mg Zymol-
yase was added and incubated at 30  °C for 20  min. 
Spheroplasts were harvested (2500 × g, 5 min, 4 °C) and 
washed with 40  ml ice-cold 1  M sorbitol. Pellets were 
dissolved in Ficoll buffer (18% Ficoll, 20  mM KH2PO4 
pH 6.8, 1 mM MgCl2, 0.25 mM EGTA, 0.25 mM EDTA) 
and nuclei were aliquoted by centrifugation (12,000 × g, 
30 min, 4  °C). Nuclei were washed with MNase diges-
tion buffer (15  mM Tris–Cl pH 7.5, 50  mM NaCl, 
1.4  mM CaCl2, 0.2  mM EGTA pH 8.0, 0.2  mM EDTA 
pH 8.0, 5  mM ß-mercaptoethanol) and incubated 
with different amounts of MNase (4–256 U / ml) for 
20 min at 37 °C. MNase digestion was stopped by add-
ing 10 mM EDTA, 1% SDS and 50 mM Tris–Cl pH 8.0. 
DNA was isolated with Proteinase K digestion, followed 
by Phenol: Chloroform: Isoamyl alcohol extraction. 
RNA was removed by incubation with 10  μg RNase A 
at 37 ̊ C for 30 min. DNA was ethanol precipitated and 
resolved on a low-melt agarose gel to test the digestion 
degree. Samples with 70% mononucleosome band were 
chosen for library preparation using the NEBNext Ultra 
II DNA Library Prep kit for Illumina. Libraries were 
sequenced for 50 cycles in the paired-end mode.

Data analyses
All MNase-Seq data were analyzed as described pre-
viously [11]. Briefly, fastq files were mapped to S. cer-
evisiae sacCer3 R64-1–1 genome using Bowtie2 v2.2.9 
with default settings, except -X 500, -no-discordant, 
-no-mixed options [43]. Reads mapping to the rDNA 
region (chrXII 451000:469,000) were removed and 
nucleosome dyad coverage files were generated with 
fragment lengths 140–160  bp. The nucleosome dyad 
was extended by 50  bp to generate bigwig files. The 
nucleosome repeat length of each gene were calculated 
as described before [11] after subsampling all datasets 
to 5 million reads (https://​github.​com/​musik​utiv/​tsToo​
ls) that adapts [10]. To identify the + 1 nucleosome, the 
dpos command in DANPOS2 with parameters -jw 5, 
-q 200, -m 1 was used [38]. Genes showing + 1 nucleo-
some shift in all (two or three) available replicates were 
considered.
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