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ABSTRACT

The Isw1b chromatin-remodeling complex is specif-
ically recruited to gene bodies to help retain pre-
existing histones during transcription by RNA poly-
merase Il. Recruitment is dependent on H3K36
methylation and the Isw1b subunit loc4, which con-
tains an N-terminal PWWP domain. Here, we present
the crystal structure of the loc4-PWWP domain, in-
cluding a detailed functional characterization of the
domain on its own as well as in the context of full-
length loc4 and the Isw1b remodeler. The loc4-PWWP
domain preferentially binds H3K36me3-containing
nucleosomes. Its ability to bind DNA is required
for nucleosome binding. It is also furthered by the
unique insertion motif present in loc4-PWWP. The
ability to bind H3K36me3 and DNA promotes the
interaction of full-length loc4 with nucleosomes in
vitro and they are necessary for its recruitment to
gene bodies in vivo. Furthermore, a fully functional
loc4-PWWP domain promotes efficient remodeling
by Isw1b and the maintenance of ordered chromatin
in vivo, thereby preventing the production of non-
coding RNAs.

INTRODUCTION

DNA is packaged into chromatin, a highly condensed
nucleo-protein complex that serves as a substrate for all nu-

clear, DNA-based processes, such as transcription, replica-
tion or DNA repair. During gene transcription by RNA
polymerase II (RNAPII) nucleosomes first have to be re-
moved in front of the enzyme and then restored after
RNAPII passage, so as to prevent inappropriate access to
the underlying DNA sequences by the transcription ma-
chinery (1). Organization of chromatin structure is achieved
by the concerted actions of histone modifying enzymes,
chromatin remodelers and histone chaperones (2).

Many different post-translational histone modifications
have been identified, including lysine acetylation and
methylation. PTMs can affect chromatin organization di-
rectly, for example by altering the electrostatic surface of
histones. Alternatively, they can influence chromatin struc-
ture indirectly by providing binding platforms for specific
reader modules present in many chromatin-associated fac-
tors. Over 20 such reader domains have been identified (3).

Remodeling factors use the energy generated by ATP
hydrolysis to affect chromatin organization as a conse-
quence of nucleosome sliding, eviction or assembly (4).
ISWI (/mitation Switch) is one of four families of remod-
eling enzymes that are conserved from yeast to humans.
The Iswi remodeler was initially identified in Drosophila
melanogaster (5) and possesses two homologs in Saccha-
romyces cerevisiae, Iswl and Isw2 (6). In turn, Iswl is
the catalytic subunit of two distinct remodeling complexes,
Iswla and Iswlb (7). Previous work has shown that the
Isw1b chromatin remodeler is involved in retaining H3K36-
methylated histones and thereby maintaining proper chro-
matin organization over gene bodies (8,9). More recently,
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Iswlb was implicated in the upkeep of regular phasing of
nucleosomal arrays by resolving closely packed dinucleo-
somes (10). Isw1b consists of two other subunits apart from
Iswl, namely Ioc2 and Ioc4 (7). Recruitment of the Iswl
remodelers to different genomic regions depends on these
associated subunits. In case of Isw1b, its localization to cod-
ing sequences depends on Ioc4. In its absence pre-existing,
H3K36 trimethylated histones are lost from ORFs. Dele-
tion of ISW1 has the same effect (8).

The only domain annotated within Ioc4 is an N-
terminal PWWP domain. PWWP domains are part of the
Royal superfamily and were originally identified as DNA-
binding domains (11-13). Subsequent studies revealed that
most PWWP-containing proteins associate with methy-
lated histones via a conserved aromatic cage (3). Most
domains examined display a preference for histone H3
trimethylated at Lys36 (H3K36me3), although some bind
to H4K20me (Pdpl, HDGF2) or H3K79me3 (HDGF2)
(14,15).

While the importance of full-length Ioc4 for Iswlb re-
cruitment and function has been demonstrated previously,
we wanted to characterize in more detail the importance
of the Toc4 PWWP domain (Ioc4pwwp) in these processes.
Therefore, we solved the crystal structure of Tocdpwwp and
related its structural features to Iocdpwwp functions, both
in vivo and in vitro. We found that full Iswlb remodel-
ing activity is reached in the presence of a functional Toc4
PWWP domain. Also, recruitment of the Iswlb remod-
eler through its Ioc4 subunit in vivo depends on interac-
tions between locdpwwp and H3K36 methylation as well as
DNA binding. Mutants not able to recognize either methy-
lation and/or to bind to DNA display reduced Iswlb re-
modeling activities, reduced chromatin association of Toc4
in vivo and increased production of non-coding RNAs. This
highlights the importance of native loc4pwwp interactions
for remodeler recruitment and its function in chromatin
organization.

MATERIALS AND METHODS
Yeast strains and media

All yeast strains used in this study are listed in Supplemen-
tary Table S1. Wildtype 10C4 was tagged with a 3XFLAG
epitope by targeted homologous integration of a PCR prod-
uct derived from amplification of plasmid p3xFLAG-HIS3
with gene-specific primers. In order to generate yeast strains
bearing different mutations of /0C4, mutant /OC4 con-
structs were first cloned into plasmid p3xFLAG-HIS3, fol-
lowed by PCR amplification of these cassettes and transfor-
mation into wildtype yeast. To generate TAP-tagged yeast
strains, the 3xFLAG tag was replaced by targeted homol-
ogous integration of a PCR product derived from amplifi-
cation of plasmid pBS1539 with construct-specific primers.
Single deletion of CHDI was done by targeted homolo-
gous recombination of PCR fragments containing either
the hygromycin (HphB) or kanamycin (KanM X) resistance
marker. All strains generated in this study were confirmed
by PCR and/or sequencing. Cells were grown at 30°C in
YPD.

Yeast growth assay

Yeast strains were inoculated at an ODgyy of 0.1 from
overnight cultures and grown for ca. 5 h at 30°C in YPD un-
til they were growing exponentially. Equal numbers of cells
were harvested by centrifugation, washed with ddH,O and
resuspended at an ODg of 0.5 in ddH,O. Five 6-fold dilu-
tions were prepared for each strain and spotted onto YPD
plates £1 wM propiconazole. Plates were incubated at 30°C
for 3-5 days.

Protein purification

For crystallization the loc4-PWWP domain (aa 1-178;
Tocdpwwp) was overexpressed as an N-terminal fusion with
maltose-binding protein (MBP) in Escherichia coli BL21
(DE3) by the addition of 0.25 mM IPTG for 20 h at 16°C.
MBP-locdpwwp was purified to homogeneity using a se-
quence of amylose resin affinity, anion exchange and gel
filtration chromatography. The wildtype PWWP and mu-
tant PWWP,g domains were cloned into a pRSF vector
with an N-terminal 6xHis-tag. Both proteins were over-
expressed in E. coli BL21(DE3) by the addition of 0.25
mM IPTG for 20 h at 16°C. Both proteins were purified
using nickel-NTA resin and anion exchange chromatogra-
phy. Full-length Toc4 (aal-475), locd,k g and Tocd apwwe (a2
179-475) were cloned into a modified pCoofy vector with
an N-terminal 6xHis-MBP tag. Proteins were overexpressed
in E. coli BL21 RIL by addition of 0.25 mM IPTG for 20
h at 16°C and purified using nickel-NTA resin, Heparin ad-
sorption and gel filtration chromatography. Proteins were
dialysed exhaustively against buffer D (50 mM phosphate,
pH 8.0, 500 mM NaCl, 10% glycerol, 50 mM Arg, 50 mM
Glu), flash-frozen in liquid nitrogen and stored at —80°C.
TAP-tagged wildtype and mutant Iswlb chromatin re-
modelers were purified from S. cerevisiae. Yeast were grown
in YPD at 30°C until they reached an ODgy of 5-7.
Cells were harvested by centrifugation (5000 x g, 15 min),
washed with cold PBS, resuspended in buffer E (40 mM
HEPES—KOH, pH7.5, 350 mM NacCl, 10% glycerol, 0.1%
Tween-20, | mM PMSF, 2 pg/ml leupeptin, 1 pg/ml Pep-
statin A) and lyzed using a freezer mill. Lysates were treated
with 1 mg Heparin and 250 U of Benzonase (Merck Milli-
pore) for 15 min at room temperature before removing cell
debris by centrifugation (31 000 x g, 20 min) and ultra-
centrifugation (208 000 x g, 1.5 h). The supernatant was
incubated with IgG sepharose (GE Healthcare) at 4°C for
3 h. The resin was washed with buffer E for three times 5
min, resuspended with cleavage buffer (10 mM Tris pH 8.0,
10% Glycerol, 150 mM NacCl, 0.1% IGEPAL CA630, 0.5
mM EDTA, 1| mM DTT) and incubated with TEV protease
for 16 h at 4°C. Cleaved protein was diluted with buffer B
(10 mM Tris, pH 8.0, 150 mM KCI, 1 mM Magnesium ac-
etate, | mM imidazole, 2 mM CaCl2, 10% glycerol, 0.1%
IGEPAL CA630, 1 mM DTT) and incubated with calmod-
ulin sepharose (GE Healthcare) for 3 h at 4°C, followed by
three 10 min washes with buffer B. Complexes were eluted
with buffer EB (10 mM Tris, pH 8.0, 150 mM KCI, 1 mM
magnesium acetate, | mM imidazole, 10 mM EGTA, 10%
glycerol, 0.1% IGEPAL CA630, 0.5 mM DTT), concen-
trated, flash frozen in liquid nitrogen and stored at —80°C.



Recombinant Xenopus laevis histones were expressed,
purified and assembled into core histone octamers as de-
scribed (16). To generate histone H3 containing either un-
methylated or trimethylated K36, tail peptides (aal—44)
containing either K36me0 or K36me3 were ligated onto
histone H3145¢ and used for subsequent core histone oc-
tamer assembly (17). For sliding assays methyl-lysine ana-
logue (MLA) H3x36c nucleosomes chemically modified to
resemble trimethylated H3K36 were used instead, as de-
scribed previously (8).

Crystallization and structure determination

Purified MBP-locdpwwp was concentrated to ~10 mg/ml
and used for crystal screening by sitting-drop vapor diffu-
sion at 16°C. Needle-shaped crystals grew in reservoir solu-
tion containing 0.1 M potassium thiocyanate, 30% mPEG
2000. Data were_collected on beamline BL17U (SSRF,
China, A =0.979 A) and processed using the HKL2000 pro-
gram suite. Structure of the fusion protein was solved by
molecular replace method with the program PHASER, us-
ing the MBP structure as a search template. An initial model
was automatically built by Phenix Autosol, manually mod-
ified with Coot and refined with Phenix Refine. The final
model contains two missing fragments, F19 and S43-K91
and has an Ry of 17.3% and an Rpee of 22.9%. Data scal-
ing, refinement, and validation statistics are shown in Sup-
plementary Table S1.

Reconstitution of mononucleosomes, electromobility shift
(EMSA) and remodeling assays

DNA fragments measuring either 147 or 215 bp and con-
taining the 601 positioning sequence were PCR amplified
from pGEM-3Z/601 (18) using Cy5-labeled primers (Sup-
plementary Table S3). Mononucleosomes were reconsti-
tuted from DNA and recombinant core histone octamers
by serial dilution as described (16). EMSA assays with re-
constituted, K36me0- or K36me3-containing mononucle-
osomes were performed as described (8,16) using 15 fmol
of reconstituted nucleosomes per reaction with increasing
concentrations of wildtype and mutant PWWP domains (0
800 nM) or full-length Toc4 (0-35 nM). Unmodified wild-
type nucleosomes (30 fmol) were incubated with increas-
ing concentrations (0—4 wM) of wildtype or mutant PWWP.
For DNA EMSAs double-stranded (ds), Cy5-labeled DNA
with a length of 30 bp was prepared by heating and an-
nealing complimentary, single-stranded (ss) DNA (Supple-
mentary Table S3). Complexes were separated on 5.0% na-
tive PAGE gels (37.5:1) run in 0.4x TBE, 2% glycerol. Gels
were scanned using a Typhoon FLA9500 and quantitated
with ImageQuant TL (GE Healthcare). Mononucleosome
or DNA bands were quantitated for each lane. All lanes
containing PWWP or loc4 were normalized against input
lanes containing mononucleosomes or DNA only. The per-
centage of nucleosomes or DNA bound was expressed as
100 — % mononucleosomes or DNA for each lane. For nu-
cleosome sliding assays, 10 wl reactions containing 30 fmol
mononucleosomes and 10 fmol remodeler were set up in
buffer R (50 mM Tris—HCI, pH8.0, 50 mM KCI, 10 mM
MgCl,, 1 mM ATP, 0.1 pg/pl BSA, 5mM DTT, 0.5 mM
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PMSF). Reactions were incubated at room temperature,
aliquots removed at various time points and stopped by
adding 720 ng plasmid DNA, 500 mM KCI. Nucleosomes
were resolved on 7% native PAGE gels (37.5:1) in 0.4x TBE,
2% glycerol. Gels were scanned using a Typhoon FLA9500
and quantitated with ImageQuant TL. Bands representing
remodeled mononucleosomes were normalized to their re-
spective input lanes.

Antibodies

The following antibody was used in this study: aFlag M2
(Sigma #F1804).

Chromatin immunoprecipitation, ChIP-qPCR and ChIP-
chip microarray analyses

For ChIPs of FLAG-tagged loc4 yeast strains were grown
in 200 ml of YPD at 30°C, crosslinked and processed for
ChIP as described earlier (8). FLAG-tagged loc4 was im-
munoprecipitated as described before (8). Three biologi-
cal repeats were done for all experiments. Immunoprecip-
itated DNA was quantitated by qPCR using PowerTrack
SYBR Green Master Mix (Thermo Fisher Scientific) and
a QuantStudio 5 Real-Time PCR System (Applied Biosys-
tems). Primers are listed in Supplementary Table S3. The
mean signal was calculated for each experiment and nor-
malized against input samples at each primer position as
internal controls. Input-normalized values were further cor-
rected for variation by normalizing against the mean signals
for two control regions (STE3, subtelomeric region on chro-
mosome V (ChrV)). ChIP-chip assays for the genome-wide
distribution of FLAG-tagged Ioc4 were performed as de-
scribed previously (8), using 8 x 60K yeast genome DNA
arrays (Agilent, Array #031697). Arrays were scanned (Ag-
ilent DNA Microarray Scanner Model G2505B) and ex-
tracted using Feature Extraction software (Agilent) and
normalized using median normalization in R software. The
normalized data were analysed using a modified gene aver-
age analysis (8). ORFs were subdivided into 14 equal sized
bins each. Intergenic regions (480 bp up- and downstream
of genes) were allocated into three bins each. Microarray
enrichment ratios [log,(IP/input)] for each probe were as-
signed to the closest bin. For whole-genome average gene
plots all probes within a bin were averaged and plotted as
mean =+ standard error or the mean (SEM). Genes not reg-
ulated by RNAPII, including tRNA and snRNA genes as
well as the majority of dubious ORFs were removed from
the analysis.

Isolation of total RNA, Northern blotting and strand-specific
multiplex RT-qPCR

Yeast strains were grown in YPD at 30°C until they reached
an ODyg of 0.8. Total RNA was isolated using acid phe-
nol extraction as described previously (19). RNA qual-
ity and quantity were assessed by UV spectroscopy us-
ing a NanoDrop 2000 (Thermo Scientific). Northern blot-
ting and hybridization were done as described previously
(20). 20 wg of total RNA were used to assess the cryptic
transcript phenotype. Blots were exposed onto phospho-
rimaging screens and scanned using a Typhoon FLA9500.
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For strand-specific RT-qPCR total RNA was treated with
TURBO DNA-free DNase I (ThermoScientific) to remove
genomic DNA according to the manufacturer’s instruc-
tions. 3.5 pg of DNase-treated RNA were used for reverse
transcription (RT) reactions containing 2 pmol of each
gene-specific primer, 60 U of SuperScript III (ThermoSci-
entific) and 0.3 pg of Actinomycin D (AppliChem) to pre-
vent antisense cDNA artefacts. Two RT reactions contain-
ing ‘forward’ primers (Supplementary Table S3) annealing
to antisense transcripts derived from target genes VTH?2
and YENI, or FAA2 and AROS80 were set up. Each reac-
tion also contained 2 pmol ‘reverse’ primer annealing to the
canonical reference ACT! transcript. Annealing was done
at 70°C for 10 minutes. First strand synthesis was performed
at 55°C for one hour, followed by heat inactivation at 70°C
for 15 min. All samples were quantitated by qPCR using
PowerTrack SYBR Green Master Mix and a QuantStudio
5 Real-Time PCR System. Targets were first normalized to
ACTI. Subsequently, results for mutant yeast strains were
normalized to the mean signal for wildtype yeast samples
using the comparative CT (AACT) method. Five biologi-
cal replicates were performed for each strain.

RESULTS

The PWWP domain promotes binding of Ioc4 to nucleosomes
in vitro

Previously, we found that localization and binding of loc4
to nucleosomes depend on Set2-mediated H3K 36 trimethy-
lation both in vivo and in vitro (8). Therefore, we wanted to
assess the role and importance of the loc4 PWWP domain
in this process in more detail.

First, we repeated our previous in vitro binding experi-
ments using electromobility shift assays (EMSA) with some
modifications. All binding assays were performed using nu-
cleosomal core particles (NCPs) reconstituted onto 147 bp
DNA fragments rather than mononucleosomes with DNA
overhangs. Furthermore, we used a peptide ligation strat-
egy to generate histone H3 containing uniformly unmethy-
lated (me0) or trimethylated (me3) Lys36, which were sub-
sequently used for histone octamer assembly and NCP re-
constitution instead of chemically modified histone H3 (8).
We also used a different Iocdpwwp construct. Previously,
we had based our Ioc4 ,pwwp construct on the original an-
notation of the loc4 PWWP domain (7). However, this left
part of the PWWP domain intact since the crystal struc-
ture reveals a much larger PWWP domain than anticipated
(see below). Instead, we generated a new locdapwwp con-
struct with amino acids 1-178 deleted. The different ex-
perimental setups and Ioc4 constructs yield very compara-
ble and reproducible results (Figure 1A, (8)). We find that
full-length Toc4 displays a slight but reproducible prefer-
ence for trimethylated H3K 36-containing nucleosome core
particles when compared to unmethylated NCPs (Figure
1A-C). This preference for H3K 36 trimethylated NCPs be-
comes more marked when we perform a competitive bind-
ing assay using differentially labeled nucleosomes (Figure
1C). Deletion of the PWWP domain (aal—178) results in a
considerable loss of binding of Ioc4pwwp to NCPs. Fur-
thermore, loc4 Apwwp exhibits similar affinities towards un-

methylated and trimethylated H3K36-containing nucleo-
some core particles (Figure 1A and B).

PWWP domain deletion results in reduced targeting of Isw1b
in vivo

In wildtype cells Toc4 localizes to the mid- to 3’-regions
of ORFs that are characterized by high levels of H3K36
methylation as shown previously by us and others (Figure
1D) (8,21). In order to assess the contribution of the Ioc4
PWWP domain in correctly targeting loc4, and by inference
Iswlb in vivo, we determined the localization of Toc4 with
and without its PWWP domain on a genome-wide level.
Deletion of the loc4 PWWP domain does not interfere with
protein folding as the mutant protein is still able to associate
with Iswl and Ioc2 to form Iswlb complex (Supplemen-
tary Figure S1A). Ioc4 without a functional PWWP domain
(APWWP) still localizes to ORFs. However, it does so at
significantly reduced levels and loses the preference for mid-
to 3’-ORF regions (Figure 1D). These more non-specific in-
teractions are presumably mediated by other binding sites
still present on the remaining loc4 molecule and/or inter-
action surfaces on the other complex subunits, such as the
SANT and SLIDE domains of Iswl (22). Taken together,
these results clearly show that the loc4 PWWP domain pro-
motes binding to nucleosomes in vitro as well as targeting
Iswlb in vivo. Therefore, we set out to analyze the Ioc4
PWWP domain more closely and dissect its contributions
to Iswlb function and chromatin association.

The Ioc4 PWWP domain preferentially binds trimethylated
H3K36 nucleosomes in vitro

The PWWP domain alone also preferentially binds to
H3K36me3-containing NCPs in vitro (Figure 1E-G). This
preference is mediated by the aromatic cage in the PWWP
domain (Supplementary Figure S2) and is abrogated by mu-
tating the aromatic cage residue W22 to alanine. Similar
observations have been made for other PWWP-containing
proteins, such as human LEDGF, human BRPF1 or S.p.
Hrp3 (23-25). Increased binding to the methylated over the
unmethylated substrate is more apparent for the PWWP do-
main than for full-length Toc4 (Figure 1B and F). This is due
to the fact that the affinity towards NCPs is considerably
lower for the PWWP domain alone than that for full-length
Toc4, in agreement with our finding that the remaining Ioc4
protein contributes to nucleosome binding both in vivo and
in vitro (Figure 1B and D).

The Ioc4 PWWP structure reveals highly charged patches
and a unique insertion motif

In order to further our understanding of the loc4 PWWP
domain we solved the crystal structure of the Ioc4 PWWP
domain at 2.3 A (Figure 1H, Supplementary Table S2).
Analysis of the structure showed a high degree of structural
conservation overall when compared to other PWWP do-
mains. Overlay of the PWWP domains of loc4 and BRPF1
confirmed the high degree of conservation of PWWP do-
mains at both, a structural (Supplementary Figure S3A)
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Figure 1. Functional loc4pwwp is promotes chromatin binding in vivo and in vitro. (A) EMSA analysis of full-length, wildtype loc4 and Ioc4 Apwwp binding
to NCPs containing either unmethylated or trimethylated histone H3K36. (B) Quantitation of EMSAs shown in (A). (C) Competitive EMSA (cEMSA)
analysis of full length, wildtype Ioc4 binding to unmethylated (red) and trimethylated (green) H3K36 NCPs. (D) Metagene analysis (n = 6451 genes) of
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(E) EMSA analysis of wildtype PWWP domain binding to NCPs containing either unmethylated or trimethylated histone H3K36. (F) Quantitation of
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NCPs. (H) Crystal structure of the loc4 PWWP domain. The insertion motif between 2 and 3 is shown in orange.



6 Nucleic Acids Research, 2022

and sequence level (Supplementary Figure S3B). In com-
mon with other PWWP domains the loc4 PWWP domain
contains a highly conserved, antiparallel, five-stranded -
barrel at its N-terminus. The a-helical composition at the
C-terminus of the domain is also maintained, although the
number and precise spatial relationship to the rest of the do-
main can vary in individual PWWP domains (3). A unique
feature of the loc4 PWWP domain is the presence of an ex-
ceptionally long insertion motif (aa 27-110). Other PWWP
domain-containing proteins have either no (e.g. LEDGF)
or a much shorter (e.g. BRPF1) insertion motif (3,26).

Close analysis of the lToc4 PWWP domain crystal struc-
ture revealed the presence of one acidic and two basic
patches (Figure 2A). PWWP domains were initially identi-
fied as DNA-binding domains and several PWWP domains
have been shown to bind to double-stranded DNA (23,27-
30). Given this charge distribution on the Toc4 PWWP do-
main we hypothesized that it may be able to bind histones
and DNA directly via the acidic and basic patches, respec-
tively. Using pull-down assays we could show that the loc4
PWWP domain interacts both with histone octamers (Fig-
ure 2C) and histone H3/H4 tetramers (Supplementary Fig-
ure S4A). In both cases full-length Ioc4 displays higher
affinity towards histones compared to the PWWP domain
alone.

The Ioc4 PWWP domain binds single and double stranded
nucleic acids

Next we investigated binding of the PWWP domain to
DNA. Using EMSAs we could show that the loc4 PWWP
domain can indeed bind to DNA (Figure 2D). Since most
PWWP domains do not exhibit sequence specificity (26)
and are thought to interact with the negatively charged
phosphate backbone we also tested binding of the do-
main to double-stranded (ds) RNA and RNA:DNA hy-
brid molecules. The PWWP domain bound both dsDNA
and DNA:RNA hybrid molecules equally well, but dis-
played lower affinity towards dsSRNA (Figure 2D). The GC
content does not seem to affect binding since both sub-
strates are bound at equal levels (Supplementary Figure
S4C). We then also tested binding of the PWWP domain
to single-stranded (ss) DNA and RNA. Again it bound
both molecules, but displayed higher affinity for ssRNA
(Figure 2E). Notably, the affinity of the loc4 PWWP do-
main for dsDNA is similar to that for ssRNA (Table 1).
Whether this finding has functional implications for Iswlb
is unclear at present. Interestingly, previous UV cross-
linking experiments showed that both Iswl and Ioc2 in-
teract with RNA in vivo (31). Overall, the PWWP domain
binds H3K 36 trimethylated nucleosome core particles with
ca. 6-fold higher affinity compared to dsDNA, suggesting
that H3K 36 trimethylation, histone and DNA binding are
all important for the interaction of the PWWP domain with
nucleosomes.

We also tested interaction of full-length Ioc4 with nu-
cleic acids. Overall, Ioc4 has a much higher affinity for all
substrates when compared to the PWWP domain alone.
However, the differences in affinity of Ioc4 for dsDNA and
dsRNA are smaller (Figure 2F). The same applies to loc4
binding to ssRNA and ssDNA (Figure 2G).

Nucleosome binding by Ioc4pwwp requires interaction with
DNA

The basic patches apparent on the loc4 PWWP domain
consist of a series of lysine and arginine residues (Figure
2B). We chose several surface residues to generate site mu-
tants. We then tested the ability of the mutant proteins
to bind DNA. While the wildtype PWWP protein associ-
ated with DNA, most mutants did not bind DNA in vitro
(Supplementary Figure S4D). We then tested the binding
behaviour of a PWWP domain containing K149E K150E
(2KE) mutations in more detail. The 2KE mutant was com-
pletely unable to bind double-stranded DNA (Figure 3A
and B).

Next, we tested the ability of DNA-binding deficient
PWWP domain to associate with nucleosomes. Surpris-
ingly, the PWWP,k mutant exhibited no interaction with
nucleosome core particles in vitro (Figure 3C and D). These
results suggest that DNA binding is essential in mediat-
ing the stable interaction of the IToc4 PWWP domain with
nucleosomes. Mutating K149 and K150 to alanine instead
of lysine results in the same loss of binding of the mutant
PWWP,kxa domain to both DNA and nucleosomes (Sup-
plementary Figure S4E and F).

The full-length Ioc4,xr mutant shows reduced binding of
DNA and NCPs in vitro

We also tested the effects of the 2KE mutant in the con-
text of the full-length Toc4 protein. While the mutant dis-
plays some affinity towards DNA, the binding profile of
Tocd kg to DNA is virtually identical to that of loc4 Apwwp
(Figure 3E, F and K). Also, Ioc4,xg does bind to nucle-
osome core particles, however it does so at much reduced
levels (Figure 3G and H). Furthermore, it can no longer dis-
tinguish between unmethylated and trimethylated H3K36-
containing NCPs, in a manner similar to loc4 xpwwp (Fig-
ure 1A and B), suggesting that the mutation of these two
lysine residues is sufficient to reduce nucleosome binding of
the PWWP domain even in the context of the full-length
protein. The residual association of Tocd,kg with NCPs is
therefore likely mediated by regions of the Ioc4 protein out-
side of the PWWP domain.

Two previous studies investigating the structure of the hu-
man LEDGF PWWP domain also showed the ability of
this domain to bind DNA (23,24). PWWP domains in other
proteins such as Pdpl, Hrp3, HDGF, MSH6, ZMYNDI11
and murine Dnmt3b were also shown to bind DNA (23—
25,27-29). Thus, it seems the ability of PWWP domains to
bind DNA is a conserved feature of PWWP domains in gen-
eral. However, in contrast to our results, van Nuland and
co-workers (23) found that most mutations interfering with
DNA binding reduced, but did not completely abolish nu-
cleosome binding by the LEDGF-PWWP. A further differ-
ence between the PWWP domains from loc4 and LEDGF
is the fact that some LEDGF-PWWP DNA-binding mu-
tants still retain their preference for H3K36-methylated nu-
cleosomes, while the Iocd PWWP,xg mutant does not bind
to nucleosomes at all, irrespective of its H3K36 methyla-
tion status, while the full-length Ioc4,x g mutant binds both
types of NCPs equally well (Figure 3G, H, Supplemen-
tary Figure S4G). Only the wildtype PWWP domain or the
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Table 1. Binding parameters. The protein construct or complex is indicated. Nucleic acid substrates include single-stranded (ss) and double-stranded (ds) RNA, DNA, RNA:DNA hybrid molecules

or nucleosomal core particles (NCP). Apparent dissociation constants (Kp) are indicated if determined, including the 90% confidence interval (CI) and goodness of fit (R?)

locdrkg

Ioc4 xpwwp

Toc4

Iswlb

PWWP

CI R2 KpmM) (I R?
(79:192)  0.942 (43; 134)

Kp (nM)

R2
0.906
0.906
0.877

CI R? Kp (nM) CI R? Kp (nM) CI
(0.37; 1.51) (27; 44)

Kp (nM)

0.892

76

121

34

0.884

0.977

0.81

dsDNA

0.953
0.756
0.876
0.958

(34; 87)
(32; 97)
(206; 376)
(111; 448)
(5.0; 23)
(4.5:9.7)

55
56
275
213
11
6.7

0.817
0.895

Ambiguous
(2.8:8.0)

57.3
4.8

0.973
0.869
0.914
0.924
0.947
0.992

(0.66; 0.88)
(1.37; 2.40)
(1.17;2.32)
(0.49; 0.84)
(0.28; 0.69)
(0.25; 0.95)
(0.10; 0.15)

0.76
1.80
1.65
0.64
0.45
0.40
0.12

RNA:DNA
dsRNA

ssDNA

ssRNA

NCP unmodified
NCP H3K36me0
NCP H3K36me3

full-length Toc4 protein can achieve this distinction. In part
these differences may also be attributable to the fact that the
authors used GST-fusion proteins for their EMSAs, which
can dimerize through the GST tag and thus provide a sec-
ond binding site, thereby increasing its affinity, while we
used proteins containing monomeric MBP- or His-tags.

The insertion motif promotes binding to nucleosomes, his-
tones and DNA

Since the Ioc4 PWWP domain contains a unique insertion
motif (INS) that is either completely absent or much shorter
in all other PWWP domains studied so far, we sought to in-
vestigate its contributions towards Ioc4 PWWP functions.
Therefore, we generated a PWWP mutant that lacks most of
the insertion motif (A43-105, AINS). Residues for deletion
were chosen to minimize potential deleterious effects on the
folding of the mutant PWWP domain. Circular dichroism
and/or nano-differential scanning fluorimetry (nano-DSF)
showed that all purified, recombinant PWWP and Ioc4 pro-
teins were indeed folded (Supplementary Figure SI1B-D).
Also, deletion of the insertion motif within the /OC4 gene
in yeast still allows for the successful purification of the mu-
tant Iswlbans remodeller, a further indication that the mu-
tant protein is able to fold correctly and does not interfere
with the binding of the Isw1 and Ioc2 subunits (Supplemen-
tary Figure S1A).

First, we tested binding of PWWP,ns to nucleosome
core particles. In contrast to the wildtype PWWP domain,
deletion of the insertion motif largely abrogates stable in-
teractions with NCPs (Figure 3J), suggesting the insertion
motif stabilizes contacts between the PWWP domain and
nucleosomes. Analysis of the amino acid composition of the
insertion motif reveals the presence of a series of negatively
charged amino acids, suggesting a potential role in histone
binding. Indeed, a PWWP,ns mutant does not bind his-
tones at all, while the insertion motif by itself still associates
with histones (Supplementary Figure S4A and B). The in-
sertion motif also contributes several residues towards one
of the basic patches seen in the crystal structure. Therefore,
we also tested the ability of PWWP4ns to bind to DNA.
Unlike the wildtype domain, the PWWP s mutant is not
able to form a stable complex with dsDNA, although it may
form transient interactions at very low levels as evidenced
by increased smearing of the DNA band at higher protein
concentrations (Figure 31).

The Ioc4 PWWP domain binds across DNA gyres

The effects of the PWWP,kg and PWWP ,ns mutants can
be explained by modeling our structure of the loc4 PWWP
domain onto the recently published cryo-EM structure de-
termined for the human LEDGF-PWWP domain bound to
a nucleosome (Figure 3L, Supplementary Figure S5) (32).
We see a high degree of overlap, especially over the highly
conserved beta barrel. Binding of the Ioc4 PWWP domain
also occurs across DNA gyres and is mediated by the ba-
sic patch seen in Figure 2A. Residues K149 and K150 are
in close contact with the DNA sugar phosphate backbone
which explains why their replacement completely abrogates
DNA and nucleosome binding. Similarly, the insertion mo-
tif is in close contact with one of the nucleosomal DNA
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gyres, thus potentially stabilizing the interactions between
the PWWP domain and the nucleosome core particle. While
the stretch of negatively charged residues within the inser-
tion motif is not resolved in the crystal structure, it seems
likely that it interacts with the positively charged histone
tails and thereby provides further stabilization of the inter-
action. A second set of positively charged residues within
the insertion motif points away from the NCP surface and
may contribute towards the binding of linker DNA and/or
the DNA associated with neighbouring nucleosomes (Sup-
plementary Figure S5).

Targeting of Ioc4 in vivo depends on H3K36 methylation and
DNA binding

The results from our in vitro experiments suggest that both
the insertion domain and DNA binding by the loc4 PWWP
domain promote stable interactions with DNA, histones
and nucleosomes. Therefore, we wanted to test how these
features influence the localization of Ioc4 in vivo. To as-
sess the effects of these mutations in vivo, we generated
full-length, 3xFLAG-tagged Ioc4 yeast strains carrying ei-
ther the K149E K150E (2KE) mutation or the insertion
motif deletion (AINS). Furthermore, we wanted to com-
pare the localization of these Ioc4 mutants to the recruit-
ment deficiencies of wildtype loc4 in a set2 A background
that contains no H3K36 methylation, as well as a yeast
strain with the entire PWWP domain deleted (APWWP).
Finally, we assessed the impact of the PWWP aromatic
cage directly by mutating W22 to alanine. Neither deletion
of the PWWP domain nor the mutations of K149/K150
and/or W22 affected loc4 protein expression or stability
when compared to the wildtype protein (Supplementary
Figure S6A).

We then determined the genome-wide localization of
Toc4 in a set2 A background as well as of the Tocd kg and
Tocd Ans mutants, and compared these to the localization
patterns of wildtype Ioc4. In the absence of H3K 36 methy-
lation (sez2A) we saw reduced targeting of loc4 specifi-
cally to mid- and 3’-ORFs, in a manner comparable to
the deletion of the entire loc4 PWWP domain (Figure 4A,
B, Supplementary Figure S6B). Some non-specific back-
ground binding of Ioc4 remained in the sez2 A mutant. The
aromatic cage mutant locdwa which is unable to distin-
guish un- and trimethylated H3K36 nucleosomes displayed
a similar reduction in ORF localization when tested by
ChIP-qPCR (Figure 4C, Supplementary Figure S6C). The
Tocd kg mutation also resulted in reduced targeting of Toc4
tomid- and 3’-ORFSs, in a manner almost identical to that of
Toc4 localization in a set2 A mutant and comparable to the
deletion of the entire loc4 PWWP domain (Figure 4A-C,
Supplementary Figure S6B). The background binding seen
in all mutants is consistent with the presence of other in-
teraction surfaces remaining both within the PWWP do-
main as well as on the remainder of the Ioc4 protein, in
agreement with our in vitro binding assays. Furthermore,
additional binding interfaces present within Iswlb on Ioc2
and/or Iswl could also contribute to recruitment in vivo.
Similarly, in vitro binding assays of purified Iswlb remod-
eler show preferential binding of H3K36me3-containing
nucleosomes, yet can still interact with unmethylated nucle-
osomes albeit with lower affinity (Figure 4D). We also tested

whether Toc4 interaction with methylated H3K36 and si-
multaneous DNA binding display additive effects with re-
gards to Toc4 localization by generating an locdwaoa 2kE
double mutant. Using ChIP-qPCR we see no further reduc-
tion in chromatin association of the double mutant when
compared to the single mutants (Figure 4C). Taken to-
gether, these results suggest that both recognition of H3K 36
methylation via the aromatic cage as well as the ability of
the Toc4 PWWP domain to bind DNA are each necessary
for the correct targeting of Ioc4 and consequently of Iswlb
in vivo.

Deletion of the insertion motif alone had little overall ef-
fect on the genome-wide Ioc4 localization over ORFs in vivo
(Supplementary Figure S6D). Interestingly, a closer look
at the data reveals that deletion of the Ioc4 insertion mo-
tif has opposite effects on Tocdans localization for differ-
ent categories of genes. While less locdins is found over
shorter genes, increased levels of lTocdans are observed
over the ORFs of genes longer than 1000 bp (Figure 4E,
Supplementary Figure S6E), suggesting multiple recruit-
ment mechanisms may be at play for different categories of
genes. Longer genes generally display more extensive do-
mains of H3K 36 trimethylation since the Set2 methyltrans-
ferase is recruited to RNAPII phosphorylated on Ser2 of
its C-terminal domain (CTD). Furthermore, Set2 as well as
H3K36me3 signals are mostly found over genes beyond 400
bp from the transcription start site (33,34). Indeed, looking
at H3K36me3 levels in these same gene groups, we see that
they are only enriched for genes longer than 1000 bp (Figure
4F). Accordingly, loss of H3K36 trimethylation in a set2 A
mutant leads to reduced Ioc4 localization precisely over this
group of genes (Figure 4E). Similarly, deletion of the loc4
PWWP domain leads to a similar reduction of Ioc4 spwwp
over the same set of genes (Figure 4E). Deletion of the inser-
tion motif leads to a significant reduction in PWWP bind-
ing to histones and nucleosomes in vitro (Figure 3J, Sup-
plementary Figure S4A). In contrast, deletion of the inser-
tion motif in the context of full-length Ioc4 leads to a sig-
nificant change in its binding behavior towards nucleosome
core particles in vitro, resulting in the more prominent asso-
ciation of multiple copies of the mutant Ioc4 protein with
NCPs when compared to the wildtype protein (Supplemen-
tary Figure S41). It is possible that this is also reflected in
the increased Iocd arns association in vivo with the H3K36
trimethylated, nucleosome-packed ORFs over longer genes
that are only partially disassembled during transcription. In
contrast, the group of genes shorter than 1000 bp contains
many highly active genes characterized by poorly organized
chromatin where nucleosomes are more likely to be com-
pletely displaced from the DNA (35-38).

Reduced targeting of Ioc4 results in growth defects and non-
coding transcription

To assess the importance of functional Iswlb remodeler in
vivo we used growth assays to investigate the impact of our
mutants. Deletion of /0OC4 leads to reduced growth on me-
dia containing propiconazole, a fungicide that impairs er-
gosterol biosynthesis (39). Deletion of the locd PWWP do-
main leads to a similar growth defect as for ioc4A. Also, the
aromatic cage mutant /OC4y,,4 and the DNA-binding de-
ficient IOC4, kg exhibit slow growth phenotypes which are
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not further exacerbated in the JOC4 4 >k double mutant
(Figure 5A).

Previous work has shown that functional Iswlb remod-
eler is necessary for the retention of existing histones over
ORFs. Deletion of I0C4 or ISW1 leads to increased incor-
poration of soluble histones and disrupts chromatin orga-
nization over ORFs, which in turn results in the exposure of
cryptic promoters and the production of non-coding tran-
scripts (8). Since our results suggested that the ability of the
Toc4 PWWP domain to bind nucleosomal DNA and/or to
associate with methylated H3K36 is important for its re-
cruitment, we wanted to determine whether reduced local-
ization of Toc4 and Iswlb over ORFs also results in non-
coding transcription. We used STE!1, a well-characterized
cryptic transcript model gene to assess the impact of our dif-
ferent /0 C4 mutants. Deletion of /0C4 alone does not pro-
duce a cryptic transcript phenotype discernible by North-
ern blotting. However, it has been shown previously that
deletion of ISWI and CHDI has additive effects with re-
spect to cryptic transcription (8,40). Hence, we investigated
the effects of various /0 C4 mutants on cryptic transcription
in a chdl A background. While the overall levels of cryptic
transcripts were relatively low, we observed similar and re-
producible levels of the small cryptic STE! transcript for
ioc4 A\, the IOC4, kg as well as the IOC4 A pywp mutantsin a
chdl A background (Figure 5B). These results confirm that
Isw1b activity in these /O C4 mutants is reduced in vivo, con-
sistent with the lower levels of mutant Ioc4 chromatin asso-
ciation observed. Deletion of the insertion motif leads to
a minimal effect on cryptic transcription only detectable at
high contrast. However, recruitment of Ioc4yns to STE1]
is unchanged relative to wildtype loc4, suggesting that in-
creased cryptic transcription is unlikely to occur in this con-
text.

Furthermore, we developed a new, strand-specific, mul-
tiplex RT-qPCR approach to assess the levels of antisense
transcription over several genes. Candidate genes were iden-
tified from RINA-seq data obtained for isw! A. The levels of
antisense (as) transcripts produced in different /OC4 mu-
tants were determined in either a wildtype or chdl A back-
ground (Figure 5C and D). Chdl has no effect on antisense
transcription over the FAA2 and AROS80 genes. Deletion
of the PWWP domain, the absence of the aromatic cage
(W22A) or DNA-binding (2KE) all resulted in the produc-
tion of antisense transcripts when compared to wildtype
yeast (Figure 5D). Double deletion of /I0C4 and CHDI
shows large additive effects on antisense transcription over
YENI and VTHZ2. However, deletion of the PWWP do-
main as well as the 2KE and W22A mutants all display up-
regulated levels of antisense transcripts when compared to
chdl A alone (Figure 5C). The relative effects of the 2KE
and W22A mutations vary depending on the asRNA inves-
tigated. With the exception of FAA2 the effects of these two
mutations are not additive, in agreement with our other in
vivo data on growth and Ioc4 localization.

TIoc4 PWWP domain contributes to efficient nucleosome slid-
ing by Iswlb

We have shown previously that cryptic transcription oc-
curs in catalytically inactive Iswl mutants, indicating that

remodeling activity is required to suppress this phenotype
(8). The in vivo results in this study show that a functional
Toc4 PWWP domain is needed for correct targeting of the
Iswlb remodeler and promotes suppression of non-coding
transcription. We therefore wanted to test whether the loc4
PWWP domain is needed primarily only for the correct tar-
geting of Iswlb remodelers to ORFs, or whether it also af-
fects Isw1b remodeling activity directly. Therefore, we puri-
fied wildtype and mutant Isw1b remodelers from yeast cells
via TAP-tagged Ioc4 subunits (Supplementary Figure S1A)
and tested their remodeling activities in vitro using methyl-
lysine analogue (MLA) H3K36Cme3-containing nucleo-
somes (Figure 6). MLA nucleosomes were used for the re-
modeling assays because the peptide-ligated variety used for
all other in vitro assays tended to disassemble during remod-
eling reactions, possibly due to the fact that peptide ligation
required mutagenesis of T45 in histone H3 which is near the
nucleosome dyad axis. Wildtype Isw1b preferentially moves
histone octamers from a central position towards the ends
of the DNA (41). Remodeler with its entire loc4 PWWP
domain deleted (Iswlbapwwe), as well as Iswlb containing
the DNA-binding deficient Ioc4,xg or the aromatic cage
mutant locdwna all exhibit reduced remodeling activities
compared to wildtype Isw1b, although this is most apparent
for the W22A mutants which displays barely any activity at
all (Figure 6A-E). It is not entirely clear why the aromatic
cage mutant has a larger effect than deletion of the entire
PWWP domain itself, especially since the W22A site muta-
tion does not interfere with PWWP domain folding (Sup-
plementary Figure S1D) or purification of the mutant re-
modeling complex (Supplementary Figure S1A). These re-
sults clearly show that a functional PWWP domain in loc4
promotes full Isw1b remodeler function.

While deletion of the insertion motif affects the interac-
tions of the PWWP with DNA, histones and nucleosomes
in vitro, it had very little effect on the remodeling activity of
Toc4 ains-containing Isw1b (Figure 6D and E). These results
suggest that the mutant Iswlbans is able to fulfill remod-
eler functions in vivo in a manner similar to the wildtype,
although the insertion motif has a contributory role in re-
modeler recruitment.

DISCUSSION

Here, we report the crystal structure of the loc4 PWWP do-
main as well as a detailed analysis of its binding preferences.
We have analyzed the PWWP domain on its own as well as
in the context of the full-length Ioc4 protein and the entire
Isw1b chromatin remodeler, both in vitro and in vivo (Figure
6F).

The crystal structure of the loc4 PWWP domain exhibits
two interesting features that help us understand its biolog-
ical function. In addition to the preferential binding of the
Toc4 PWWP domain to H3K 36 trimethylated nucleosomes
via its aromatic cage (Figure 1, Supplementary Figure S2),
its basic patches are important for interactions with DNA
(Figures 2 and 3). Mutations within these basic patches lead
to a complete loss of DNA and nucleosome binding. Inter-
actions of PWWP domains with DNA have been described
also for the PWWP domains of other proteins such as the
human LEDGF, DNMT3b and MSH6 proteins as well as



Nucleic Acids Research, 2022 13

o o o

A ocesxe  YPD*1uMPP 42 R§S w2
—_— $a o IFUWE 2233
WT 348&d 2293284
2KE o 0o 0 o °

STE11

stronger

exposure %
60—
Cc -
c 60 50—
S 40 40—
85 20- E
3= 1 . 20 +
c o 107
E —
52 15+
(20
g 51
0- 0-
chd1A ° ° ° ° ° ° ° [ ° e ° °
10C4 WT iocdA APWWP 2KE W22A W22A WT WT ioc4A APWWP 2KE  W22A VgﬁZEA WT
2KE
chd1A ioc4A 0 APWWP B 2KkE 0 w22a N w22A 2KE
B wr B ioc4A chd1a B APWWP chd1A B 2KE chd1A B w22Achd1ia N W22A 2KE chd1A
D - -
47 FAA2 3 ARO80
B owr
c
}% E ioc4A
3 o M APWWP
5 o
= % B ke
N =
g g M w22A
£ BN W22A 2KE
2 2
23 ~ a N
24,8 % 22,8 %
= =
joc4a £ 8% ¥ 2 g £ 8% ¥ 2 g

Figure 5. Full remodeler functions and suppression of cryptic transcription depend on Iocdpwwp. (A) Wildtype and mutant yeast strains were grown at
30°C on YPD = 1 pM propiconazole. (B) Northern blot of total RNA to investigate cryptic transcription. A probe directed against the 3’ end of STEI1
was used. ACT] was used as a loading control. The additional deletion of CHD/ is indicated. The full-length (<) and short cryptic (*) transcripts are
indicated. A stronger exposure better reveals the rise of cryptic transcripts in the mutants. (C, D) Strand-specific, multiplex RT-qPCR was used to determine
the levels of antisense transcription in wildtype yeast and different /OC4 mutants. The additional deletion of CHD! in (C) is indicated. Five independent
experiments were performed and plotted as mean + s.e.m.



14 Nucleic Acids Research, 2022

A Isw1b IsSW1b, o e E
Timemn) 0 1 2 5 10 20 0 1 2 5 10 20 &= WT -~ AINS - APWWP
o S -
= IR0S rer mew prrag poay e peee pesd ety I s HE W22A

el
Q<
B Iswib Iswib, . 3
Time (min) 0 1 2 5 10 20 O 1 2 5 10 20 g
(0]
A o
il L L R
C I 1
Iswib Iswib,,,, : ! o i i
Time (min) 1 2 5 10 20 O 1 2 5 10 20

Time (min)

-
1 ,\-—-n—-d—-d._d——-‘

0
- “"'L—-q‘..._t.’t_
=

D Isw1b Iswib
Time (min) 0 1 2 5 10 20 0 1 2 5 10 20

-
W poess -
P b

AINS

L e L S R R

< DNA-binding
INS
¢ Aromatic cage

@ H3K36 methylation

Remodeling w

APWWP W22A

KA an

Figure 6. The intact loc4 PWWP domain promotes remodeling by Iswlb. (A-D) Sliding assays of wildtype and mutant Iswlb remodelers lacking the
Toc4 PWWP domain (A), containing the 2KE (B) or W22A (C) site mutations, or lacking the insertion motif (D). Centrally positioned, MLA-K36cme3-
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input bands (0 min) and plotted as mean + s.e.m. (F) Model for the recruitment of Iswlb through the loc4 PWWP domain. In wildtype yeast the Ioc4
PWWP domain simultaneously interacts with H3K 36 methylated nucleosomes and the nucleosomal DNA and thereby ensures recruitment of Ioc4 to gene
bodies. The remodeler activity of Iswlb maintains proper nucleosome organization over ORFs which prevents the exposure of promoter-like elements
(orange) and the appearance of cryptic transcripts. Without the loc4 PWWP domain (APWWP) recruitment of Ioc4 to ORFs is severely curtailed and
Iswlb cannot remodel nucleosomes effectively, which disrupts chromatin organization and results in inappropriate transcription initiation. Interfering
with the ability of the PWWP domain to interact with DNA (2KE) has similar effects. The inability of an aromatic cage mutant (W22A) to recognize
H3K36me3 or the absence of H3K36 methylation (sez2) also interferes with Ioc4 recruitment. Interestingly, disruption of PWWP domain binding to
methylated H3K36, DNA or both results in the same recruitment defects in vivo. The PWWP insertion motif promotes binding of the PWWP domain to
DNA, histones and nucleosomes, yet its deletion does not lead to significant changes in Isw1b activity in vitro or in vivo.




Pdpl and Pdp3 from fission yeast (12,28,29,32,42). Mod-
eling of the loc4 PWWP domain onto the cryo-EM struc-
ture of LEDGF-PWWP (Figure 3) supports the notion that
different subgroups of PWWP domains interact in similar
fashion with nucleosomes by binding across the DNA gyres
(32). It also visualizes convincingly that K149 and K150 are
in close proximity to the nucleosomal DNA and that their
mutation leads to a loss of binding of both DNA and nu-
cleosomes.

Interestingly, the Toc4 PWWP domain also binds to
single-stranded RNA and hybrid RNA:DNA molecules
with affinities comparable to that of double-stranded
DNA (Figure 2). Whether nucleosomes and ssRNA or
RNA:DNA molecules can be bound simultaneously re-
mains unclear. However, it potentially further links Toc4
and its PWWP domain to elongating RNAPII. In fact, the
Isw1b subunits loc2 and Isw1 were shown to be able to in-
teract with RNA specifically in RNA immunoprecipitation
experiments, while Ioc4 was not investigated (31).

The second interesting feature of the loc4 PWWP do-
main is its remarkably long insertion motif which packs
against the B-barrel. Some other PWWP domains also con-
tain short insertions, yet their functions remain unclear. The
insertion motif in the loc4 PWWP domain contributes both
towards one of the basic patches involved in DNA binding
as well as an acidic patch promoting PWWP domain bind-
ing to histones. Deletion of the insertion motif leads to the
destabilization of the interactions between the PWWP do-
main with DNA, histones and nucleosomes (Figure 3). Our
Toc4 PWWP-nucleosome model places the insertion motif
next to one of the nucleosomal DNA gyres as well as in close
proximity to the histone H3 tail, in agreement with our in
vitro experiments.

In addition to analyzing the PWWP domain on its own
we have also evaluated its features in the context of full-
length Toc4 proteins as well as the entire Iswlb remod-
eler. Comparison with full-length Ioc4 shows that while the
PWWP domain is responsible for the preferential binding to
K36me3-containing nucleosomes, overall affinities are en-
hanced ca. 20-fold in the context of full-length Ioc4. Incor-
poration of Toc4 into the Iswlb remodeler further increases
the affinity of the remodeler for K36 trimethylated nucle-
osomes. This behavior agrees with the expectation that the
Toc subunits are responsible for guiding Isw1l remodelers to-
wards target sites.

The integrity of the PWWP domain and its interac-
tions with nucleosomal DNA as well as its association with
methylated H3K 36 all play important roles for Ioc4 local-
ization in vivo. Disruption of PWWP domain binding to
methylated H3K36 in a sez2A mutant, as well as the aro-
matic cage mutant W22A, unable to recognize H3K36me3,
show reduced localization in vivo. Similarly, the DNA-
binding deficient 2K E mutant exhibits lower recruitment to
ORFs. Combining the W22A and 2KE mutations had no
further effect on in vivo localization beyond that shown by
the single mutants (Figure 4).

Also, without the IToc4 PWWP domain Iswlb remod-
els nucleosomes less effectively (Figure 6), disrupting chro-
matin organization and promoting the production of cryp-
tic and antisense transcripts (Figure 5). Interfering with the
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ability of the PWWP domain to interact with DNA (2KE)
or bind H3K36me3 (W22A) has similar effects, in agree-
ment with the loc4 recruitment data (Figure 4).

Our previous work has shown that Iswl and Iswlb in
particular are required for the recycling of H3K36me3-
modified histones over gene bodies during transcription,
thus preventing the incorporation of soluble and highly
acetylated histones which predispose yeast cells to the
generation of non-coding transcripts. It has been sug-
gested that Iswlb may stabilize existing nucleosomes af-
ter RNAPII passage, thereby retaining existing, H3K36
trimethylated histones (8). The mode of interaction be-
tween the Toc4 PWWP domain and the nucleosome sug-
gested by our model supports this interpretation. Indeed,
in agreement with this idea we have some preliminary data
to suggest that Ioc4 is able to stabilize nucleosomes in vitro
under conditions that otherwise lead to their disintegra-
tion. Also, nucleosomal arrays in isw/A chdl A cells are
known to be severely disrupted (43,44). More recently, a
paper from the Clark Lab has shown that the Iswlb re-
modeler, together with Chdl is important for resolving
closely packed dinucleosomes (10). Failure to do so re-
sults in poor nucleosome phasing (10) which in turn could
lead to the exposure of cryptic promoters that are usually
inaccessible.

A number of PWWP domain-containing proteins have
been identified in recent years. They are associated with
a variety of protein (complexes) and involved in a diverse
set of functions, such as DNA repair (29,45), transcrip-
tional activation (46,47) and repression (3,27,48), DNA
methyltransferases (12,49-51), histone lysine methyltrans-
ferases (52) and acetyltransferases (53-57) as well as lim-
iting the spreading of heterochromatin (58,59). Many of
these PWWP domains preferentially bind methylated his-
tones, with particular emphasis on methylated H3K36 or
H4K20 (3,15,48). A positively charged DNA-binding sur-
face has been identified in several other PWWP domains
and seems to represent a further common characteristic.
The affinities for different PWWP domains and their sub-
strates vary, although all of the domains studied bind nu-
cleosomes with much higher affinities when compared to
histone tail peptides. In general, the loc4 PWWP domain
binds nucleosomes with lower affinity compared to domains
from other proteins, such as LEDGF (23,24). However,
most binding assays have focused on individual PWWP
domains. We show that binding affinities for nucleosomes
are greatly enhanced in the context of full-length Ioc4 and
the entire Iswlb chromatin remodeler, while the PWWP
domain promotes the recognition of K36 methylated nu-
cleosomes and correct targeting for all constructs. Given
that PWWP domains are fairly highly conserved, display-
ing most differences in the length of their insertion motifs
and the N-terminal alpha-helical domain, the breadth of
diverse molecular functions for these domains may seem
somewhat surprising. However, the frequent co-occurrence
of PWWP domains with other histone- or DNA-binding
domains, such as PHD fingers, bromodomains, AT hooks
or chromodomains can account for these differences (3,60)
and underlines the importance of studying these domains
in context whenever possible.
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