Arabidopsis SWC4 binds DNA and recruits the SWR1 complex to modulate
histone H2A.Z deposition at key regulatory genes
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Short summary: The Arabidopsis homolog of the yeast SANT domain protein
Swc4 is a DNA-binding protein that interacts with SWR1 complex subunits. SWC4
regulates plant growth and development through aiding SWR1-C recruitment and
modulating H2A.Z deposition at target genes.



ABSTRACT

Deposition of the H2A.Z histone variant by the SWR1 complex (SWR1-C) in
regulatory regions of specific loci modulates transcription. Characterization of
Arabidopsis thaliana mutations in homologs of the yeast SWR1-C has revealed a
role for H2A.Z exchange in a variety of developmental processes; nevertheless,
the exact composition of the plant SWR1-C and how it is recruited to target genes
remains to be established. Here we show that SWC4, the Arabidopsis homolog of
the yeast SANT domain protein Swc4/Eaf2, is a DNA-binding protein that interacts
with SWR1-C subunits. We demonstrate that the swc4-1 knock-out mutant is
embryo lethal, while SWC4 RNAIi knockdown lines displayed pleiotropic phenotypic
alterations in vegetative and reproductive traits, including acceleration of flowering
time, indicating that SWC4 controls post-embryonic processes. Transcriptomic
analyses and genome-wide profiling of H2A.Z indicate that SWC4 represses
transcription of a number of genes including the floral integrator FT and key
transcription factors mainly by modulating H2A.Z deposition. Interestingly, SWC4
silencing does not affect H2A.Z deposition in the FLC locus nor expression of this
gene, a master regulator of flowering previously shown to be controlled by SWR1-
C. Importantly, we find that SWC4 is a DNA-binding protein recognizing specific
AT-rich DNA elements in chromatin regions of target genes and that SWC4
silencing impairs SWR1-C binding at FT. Collectively, our data suggest that SWC4
regulates plant growth and development through aiding SWR21-C recruitment and
modulating H2A.Z deposition.
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INTRODUCTION

The initiation of developmental programs is orchestrated by key transcription
factors and chromatin regulators that activate or inhibit target gene expression
(Gentry and Hennig, 2014). Chromatin remodeling plays a central role in
establishing and maintaining gene expression patterns, and acts through
mechanisms such as covalent posttranslational modifications of histones, ATP-
dependent nucleosome remodeling and replacement of canonical histones with

specialized variants (Ho and Crabtree, 2010; Venkatesh and Workman, 2015).

Histone variants carry modifications from the canonical amino acid sequence and
can be exchanged in the same nucleosome at specific locations in the genome
(Talbert and Henikoff, 2017). Among histone H2A variants (Kawashima et al.,
2015), H2A.Z is the most conserved across eukaryotes (Thatcher and Gorovsky,
1994) and affects multiple biological processes, like regulation of gene expression
(Kobor et al., 2004; Mizuguchi et al., 2004), DNA repair (Kalocsay et al., 2009), cell
cycle progression (Dhillon et al., 2006) and chromosome stability (Krogan et al.,
2004; Rangasamy et al., 2004). In yeast, the SWR1 complex (SWR21-C) contains
up to 14 different proteins and mediates the exchange of histone H2A by H2A.Z
(Mizuguchi et al., 2004; Nguyen et al., 2013), but how the complex is recruited to
its target genes remains largely unknown. H2A.Z is essential for cell viability in
metazoans, and possibly in plants (Coleman-Derr and Zilberman, 2012b; Faast et
al., 2001; Liu and Gorovsky, 1996; van Daal and Elgin, 1992), and regulates genes
that respond to changes in the environment (Kumar and Wigge, 2010; Millar et al.,
2006; Sadeghi et al., 2011; Wan et al., 2009). H2A.Z is generally present in the
regulatory regions of specific loci and it is believed to generate chromatin regions
with particular structural characteristics that favor rapid transcriptional activation
(Weber et al., 2014). However, compelling evidence supports that H2A.Z
deposition within nucleosomes is also associated with transcriptional silencing (Dai
et al., 2017; Guillemette et al., 2005; Marques et al., 2010; Zhang et al., 2005) and
the repression at steady state of genes that respond to environmental and

developmental stimuli (Coleman-Derr and Zilberman, 2012a; Jarillo and Pineiro,

4



2015; Smith et al., 2010; Sura et al., 2017). These distinct transcriptional functions
of SWR1-C may be explained by its cooperation with other chromatin modifiers,
DNA methylation or by post-translational modifications of H2A.Z and other
histones, which result in different degrees of nucleosome stability (Billon and Cote,
2012; Coleman-Derr and Zilberman, 2012b; Deal and Henikoff, 2011; Gerhold and
Gasser, 2014; Subramanian et al., 2015).

Homologs to most of the yeast SWR1-C subunits have been identified in
Arabidopsis thaliana (Jarillo and Pineiro, 2015; March-Diaz and Reyes, 2009),
suggesting that the SWR1-C may be conserved between yeast and plants.
Nevertheless, only four plant SWR1-C subunits like PHOTOPERIOD-
INDEPENDENT EARLY FLOWERING 1 (PIE1), ACTIN-RELATED PROTEIN 6
(ARP6), SWR1 COMPLEX 6 (SWC6) and ARP4 have been thoroughly
characterized (Choi et al., 2007; Deal et al., 2005; Deal et al., 2007; Lazaro et al.,
2008; March-Diaz et al., 2008; Martin-Trillo et al., 2006; Noh and Amasino, 2003).
Loss-of function mutations in PIE1, ARP6 or SWC6 cause misexpression of a
number of genes and similar morphological and developmental phenotypic defects
affecting vegetative and reproductive traits, including the acceleration of flowering
(Choi et al., 2005; Choi et al., 2007; Deal et al., 2005; Deal et al., 2007; Lazaro et
al., 2008; March-Diaz and Reyes, 2009; Martin-Trillo et al., 2006). However,
although they are part of SWR1-C, these components could have non-redundant
functions in plant immunity and gene regulation (Berriri et al., 2016). Silencing of
ARP4 expression also results in strong pleiotropic phenotypic alterations
(Kandasamy et al., 2005). Besides, the Arabidopsis genome contains three genes
encoding H2A.Z variants (Yi et al., 2006), and H2A.Z-deficient (hta8 hta9 htall)
mutant plants display developmental phenotypic alterations resembling those
present in swrl-c mutants (Coleman-Derr and Zilberman, 2012a). Mutations in
SWR1-C subunit encoding genes also confer hypersensitivity to DNA damaging
agents, revealing a pivotal function for the Arabidopsis SWR1-C in DNA repair and
somatic recombination (Rosa et al., 2013). Moreover, ARP6 regulates different
aspects of meiosis (Choi et al., 2013; Qin et al., 2014), and links between H2A.Z
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and specification of the origins of DNA replication have been suggested (Costas et
al., 2011). A role for the SWR1-C in the fine control of plant development by
generating a balance between miRNAs and target mRNAs at the transcriptional

level has also recently been unveiled (Choi et al., 2016).

The genetic pathways that regulate Arabidopsis flowering time in response to both
endogenous and environmental signals converge on a few floral integrator genes
such as FT and SUPPRESSOR OF OVEREXPRESSION OF CO1l1l (SOC1).
FLOWERING LOCUS C (FLC) also has a central role in the control of the floral
transition, and acts by repressing the expression of those two floral integrator
genes (Andres and Coupland, 2012). In Arabidopsis, H2A.Z deposition by SWR1-C
is central to regulate flowering time. Mutations in SWR1-C genes lead to FLC and
MAF4/MAF5 downregulation and early flowering (Jarillo and Pineiro, 2015; Jiang
and Berger, 2017). In fact, the transcription start site (TSS) of the FLC locus is
enriched in H2A.Z, and PIE1 and ARP6 have been shown to be required for the
incorporation of this histone variant at FLC (Deal et al., 2007). In addition, thermal
induction of flowering time is controlled by H2A.Z (Kumar and Wigge, 2010). Under
warm temperatures, H2A.Z-containing nucleosomes are lost from regulatory
regions in the FT promoter, modulating the subsequent accessibility of activating
factors such as PHYTOCHROME-INTERACTING FACTOR 4 (PIF4) (Kumar et al.,
2012; Kumar and Wigge, 2010). Thus, SWR1-C enables transcriptional plasticity
by modulating nucleosome stability and/or the accessibility of regulators to

chromatin.

The observations described above and additional experimental evidence support
the existence of a plant SWR1-C required to exchange histone H2A by H2A.Z, and
that this histone replacement affects gene expression (Deal and Henikoff, 2011).
However, in depth functional characterization of most plant SWR1-C subunits still
remains elusive. To fill this gap, we identified interacting partners of Arabidopsis
SWC6 through a proteomics approach. Among others, we found the homolog of
the yeast SWR1 complex 4/ Esal-associated factor 2 (Swc4/Eaf2) and the human
DNA methyltransferase-associated protein 1 (DMAP1). We show that the swc4-1
6



knock-out mutant is lethal, revealing the requirement of this gene for Arabidopsis
embryo development. SWC4 also participates in the regulation of post-embryonic
processes, since RNA interference (RNAI) knockdown lines for SWC4 (swc4i)
displayed pleiotropic alterations in vegetative and reproductive traits, including
acceleration of flowering. Transcriptomic sequencing analyses (RNA-seq) and
H2A.Z chromatin immunoprecipitation followed by high-throughput sequencing
(ChlP-seq) experiments revealed that SWC4 negatively regulates the expression
of the flowering time regulator FT and a subset of regulatory key transcription
factors by modulating H2A.Z deposition. Intriguingly, we found that SWC4 is able
to recognize defined AT-rich DNA elements in TSS-surrounding regions of genes
showing upregulated expression and lower levels of H2A.Z in knockdown swc4i
seedlings. Together, these observations indicate that SWC4 participates in the
recruitment of the SWR1-C to target chromatin regions through the recognition of
specific AT-rich DNA elements modulating H2A.Z deposition in key regulatory

genes.



RESULTS
Arabidopsis SWC4 interacts with the core SWR1 complex subunit SWC6

Arabidopsis SWC6/VPS71 is a HIT-Zn finger-containing protein that is considered
a core component of the Arabidopsis SWR1-C (Lazaro et al., 2008). To identify
novel Arabidopsis SWC6 interactors, we initially performed affinity purification
followed by tandem mass spectrometry (AP-MS/MS) using a c-Myc tagged SWC6
protein that was previously demonstrated to be fully functional complementing the
swc6 mutation (Lazaro et al., 2008). Proteins co-purified with SWC6-myc in two
independent experiments are listed in Supplemental Data S1. The most abundant
interactor detected in our proteomics experiments was the well-known SWR1-C
subunit ARP6 (Martin-Trillo et al., 2006), confirming previous observations of
binding between SWC6 and ARP6 proteins in vitro (Lazaro et al.,, 2008; March-
Diaz et al., 2007). We also identified peptides corresponding to other Arabidopsis
chromatin remodeling complexes including the SWI/SNF ATPase INO80 (Zhang et
al., 2015) and ARP8 (Kandasamy et al., 2008) from the INO80 complex, as well as
the histone acetyltransferase HAM1 (Latrasse et al., 2008) and AtEAF1
(Bieluszewski et al., 2015) homologs of yeast NuA4 complex (NuA4-C) subunits
Esal and Eafl, respectively (Doyon et al., 2004; Lu et al., 2009) (Supplemental
Data S1).

In addition to ARP6, we identified other SWR1-C subunits such as PIE1 and SWC2
(Figure 1A), previously shown to interact in vitro with SWC6 (Choi et al., 2007,
March-Diaz et al., 2007). We also found an Arabidopsis YAF9 homolog, YAF9A
(Zacharaki et al., 2012), whose interaction with SWC6 was confirmed by yeast two-
hybrid (Y2H) analysis (Supplemental Figure S1A). In our experiments, there were
also a number of peptides from Arabidopsis RVB helicases (Holt et al., 2002) and
ARP4 (Kandasamy et al., 2005). However, ARP4 peptides were also present in
control samples and ARP4 has been recently reported as a common contaminant
in some AP-MS/MS experiments (Van Leene et al., 2015). Besides ARP6, another
protein that appeared consistently associated with SWC6 in both experiments was

SWC4 (Supplemental Data S1 and Figure 1A). Binding between SWC6 and SWC4
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was confirmed by Y2H assays (Figure 1B) and co-immunoprecipitation
experiments in Nicotiana benthamiana (Figure 1C), corroborating the interaction
revealed by the proteomics analysis. SWC4 is one of the subunits shared by
SWR1-C and NuA4-C in yeast, together with Yaf9, Arp4 and Actin-1 (Lu et al.,
2009). Interestingly, Arabidopsis YAF9A also interacts with SWC4 in Y2H
experiments (Supplemental Figure S1A), in vitro pulldown approaches as shown in
Supplemental Figure S1B, and bimolecular fluorescence complementation (BiFC)
assays in N. benthamiana (Supplemental Figure S1C), corroborating previous
observations (Bieluszewski et al., 2015), and suggesting the conservation of the
SWC4-YAF9 submodule in plants. Altogether, these results indicate that, as
reported in yeast (Kobor et al.,, 2004), Arabidopsis SWC6 co-purified with
conserved SWR1-C subunits. To further understand the function of SWR1-C, we
undertook a genetic and molecular characterization of the novel Arabidopsis SWC4

homolog.

SWC4 is a conserved nuclear protein widely expressed in the plant

Arabidopsis SWC4 is encoded by a single gene, At2g47210, and is homologous to
the yeast Swc4/Eaf2 and human DMAPL1 proteins (Bittner et al., 2004; Rountree et
al., 2000). A phylogenetic analysis confirmed that SWC4 homologs are present in
algae, fungi, plants, and metazoans (Supplemental Figure S2A), suggesting an
evolutionary conserved role of this protein. Quantitative reverse transcriptase PCR
experiments showed that this gene was expressed in all the organs tested, with
increased transcript levels detected in proliferating tissues such as roots, flowers,
and floral buds (Supplemental Figure S2B). This pattern of expression is consistent
with a role of SWC4 in the regulation of different developmental processes. To
determine the subcellular localization of SWC4, a SWC4-GFP construct was
transiently over-expressed in epidermal cells of N. benthamiana. The SWC4-GFP
fusion protein was nuclear localized (Supplemental Figure S2C), as expected for a

protein that is present in different chromatin remodeling complexes.



SWC4 is essential for male gametophyte function and embryo development

To investigate the role of Arabidopsis SWC4 in plant development, we identified
swc4-1, a knock-out mutant line carrying a T-DNA insertion (Figure 2A).
Homozygous swc4-1 mutants could not be recovered from heterozygous swc4-1/+
self-pollinated plants, but we were able to maintain the mutation in homozygous
condition after complementation with a wild-type SWC4 genomic clone (see
METHODS). These data suggested impaired viability of swc4 mutant embryos or
gametophytes. To distinguish between both possibilities, we dissected mature
siliques of heterozygous swc4-1/+ self-pollinated plants. The number of seeds did
not differ significantly from Columbia-0 wild-type (WT) plants (Figure 2B); however,
there were about 10% of abnormal white seeds that contained embryos arrested at
different developmental stages (Figure 2B and 2C), ranging from early torpedo to
mature embryos (Figure 2D). White seeds containing mature embryos did not
germinate on MS medium, even when the medium was supplemented with
gibberellin or the embryos were removed from the silique before desiccation. We
speculate that those seeds were homozygous for swc4-1. Seeds containing
arrested embryos were mainly located close to the stigma (Figure 2E), suggesting
that swc4-1 pollen fails to reach the ovules at the base of the silique. We tested
transmission of the swc4 mutation through male and female gametes by reciprocal
crosses of swc4-1/+ with WT plants. While female transmission was close to the
expectation (46 swc4-1/+ plants among 87 tested), we did not detect swc4-1/+
mutants when the mutant allele was transmitted through pollen (n=120).
Nevertheless, swc4-1/+ pollen was viable (Supplemental Figure S3A) and formed
two sperm cells and one vegetative cell (Supplemental Figure S3B), revealing that
the swc4-1 mutation did not affect pollen development but rather controls post-
gametogenesis processes. While we did not detect transmission of swc4-1 through
pollen, the occurrence of abnormal seeds does however suggest that swc4 mutant

pollen can fertilize at low frequency. Together, these results reveal that SWC4 is
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required in processes after pollen development and in late stages of embryo

development.

RNAi-mediated silencing of SWC4 expression induces pleiotropic defects in

both vegetative and reproductive development.

Because the knockout of SWC4 resulted in lethality, we generated knockdown
lines of SWC4 by RNAi (Supplemental Figure S4A). These lines displayed
phenotypic alterations accompanied by a dramatic reduction in SWC4 expression
levels (Supplemental Figure S4B) compared to WT. Analysis of independent T2
plant lines showed correlation between the severity of the phenotypic alterations
and the levels of SWC4 silencing obtained (Supplemental Figure S4B and S4C).
Phenotypic characterization of three representative homozygous swc4 knockdown
lines (432, 712 and 741) rendered similar pleiotropic alterations in both vegetative
and reproductive traits (Supplemental Figure S4D). All three RNAI lines display an
early flowering phenotype under long days (LD) (Supplemental Figure S4E). On
the other hand, overexpression of SWC4 did not produce any obvious phenotypic

alterations (Supplemental Figure S5).

To further explore the post-embryonic function fulfilled by SWC4, we performed a
detailed phenotypic characterization of the strong SWC4 RNAI line 712, referred to
as swcdi in the text hereafter (Figure 2F). Mutations in several SWR1-C
Arabidopsis homologs cause morphological and developmental abnormalities,
including early flowering, curled leaves, and reduced plant size and fertility (Choi et
al., 2005; Choi et al., 2007; Deal et al., 2005; Deal et al., 2007; Jarillo and Pineiro,
2015; Lazaro et al., 2008; March-Diaz and Reyes, 2009; Martin-Trillo et al., 2006).
Consistently, swc4i plants also displayed complex pleiotropic alterations. When
grown under either LD and short day (SD) photoperiodic conditions the swc4i
plants showed reductions in plant size, curled leaves and exhibited symptoms of
accelerated leaf senescence (Figure 2G and 2H and Supplemental Figure S4B and

S4D). Furthermore, all floral organs and siliques from swc4i plants were reduced in
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size in comparison to WT (Figure 2I). These observations suggest that SWC4

participates in the regulation of multiple aspects of Arabidopsis development.

SWC4 regulates leaf cell proliferation and expansion processes

One of the most striking developmental alterations of swc4i plants is their reduced
plant and organ size. A reduction in rosette diameter, leaf area, and root length
was observed in swc4i seedlings (Figure 3A and 3B, and Supplemental Figure S6A
and S6B). Smaller plant/organ size may be associated with impaired cellular
proliferation and/or cell expansion (Gonzalez et al., 2012). We investigated this by
scanning electron microscopy (SEM) to determine the adaxial leaf epidermal cell
area and the total number of cells per leaf of swc4i plants in comparison to WT
(Figure 3C). Analyses of rosette leaves 3 and 4 demonstrated that swc4i leaves
contained 1.6-fold more adaxial epidermal cells (Figure 3D), whose size was
approximately half that of WT epidermal cells (Figure 3E and 3F). The shape of

these smaller cells is similar to that of WT epidermal cells.

Cell size is frequently associated with ploidy levels (Meagher et al., 2007). This
correlation is apparent for epidermal cell size in leaves and cotyledons (Li et al.,
2012). Thus, we carried out a detailed analysis of ploidy levels in mature rosette
leaves of swcdi and WT 32 day-old plants grown under LD and SD conditions.
Flow cytometry measurements of mature leaves 3 and 4 revealed that, compared
to WT, swc4i displayed an increase of 4C and a reduction of 8C and 16C nuclei
levels, which was more evident in plants grown under SD conditions (Figure 3G
and 3H). Reduced ploidy levels in swc4i plants are consistent with the observed
smaller cell size. Altogether, these data indicate that SWC4 activity is required for a

proper balance between cell proliferation and expansion.

SWC4 is involved in the regulation of flowering time genes in Arabidopsis
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Previously identified Arabidopsis SWR1-C mutants display an early flowering
phenotype (Jarillo and Pineiro, 2015; March-Diaz and Reyes, 2009). We found that
swcdi plants flowered slightly early under LD conditions when compared to WT
plants, but not as early as swc6-1 (Figure 4A), a representative SWR1-C mutant
(Lazaro et al., 2008). However, this flowering time acceleration was not observed
under SD conditions. In fact, around 40% of the swc4i plants were not able to
switch to reproductive development and died, while the remaining ones flowered in

a manner similar to WT plants (Figure 4B).

These observations led us to study in detail the expression profile of the floral
repressor FLC and the floral integrator genes FT and SOC1 in swcdi plants. We
carried out a time course expression analysis over a 24h period under both LD and
SD conditions in 11 and 19 day-old seedlings, respectively (Figure 4C to 4H). The
swc6-1 mutant, whose early flowering phenotype is correlated with decreased FLC
expression and increased SOC1 expression levels (Lazaro et al., 2008), was also
included in the analysis. Real-time quantitative PCR (Q-PCR) analysis showed that
in contrast to the pattern exhibited by the swc6-1 mutant (Lazaro et al., 2008), FLC
transcript levels were augmented in swc4i under LDs (Figure 4G). Consistently, the
expression of the floral integrator gene SOC1, normally repressed by FLC (Moon
et al., 2003), undergoes a reduction in swc4i plants under LD conditions (Figure
4E). However, a statistically significant (p<0.05, Student’s t-test) increase in the
expression of FT at the end of the day light period was observed in swc4i seedlings
(Figure 4C) which may explain the acceleration in flowering time observed in swc4i
plants under LD conditions (Figure 4A). Remarkably, a peak of FT expression at
dusk was observed in swc4di plants grown under SD conditions (Figure 4D),
whereas SOC1 and FLC transcript levels showed similar patterns of expression to
WT plants (Figure 4F and 4H). Nevertheless this peak of FT under SD conditions
expression did not lead to an acceleration of flowering time (Figure 4B), likely

because misregulation of other genes may overturn floral transition.

SWC4 depletion results in misregulation of a wide variety of genes
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Plants with decreased SWC4 expression levels displayed several pleiotropic
phenotypic alterations, suggesting that this gene participates in the regulation of
different developmental processes. To evaluate genes whose expression was
misregulated in swc4i plants, we performed RNA-seq differential expression
analysis and found 1,314 genes upregulated and 395 genes downregulated in
swcdi seedlings compared to WT (Supplemental Data S2 and Supplemental Figure
S7A) using DESeq2 (Love et al., 2014). Interestingly, a number of relevant genes
related to the control of the floral transition were differentially expressed, including
FRUITFULL/AGAMOUS-LIKE 8 (FUL/AGLS8) (Gu et al.,, 1998), SEPALLATA 3
(SEP3) (Hwan Lee et al., 2012) and the so called “florigen” gene FT (Kardailsky et
al., 1999) which appears as one of the most upregulated genes in swcdi

(Supplemental Data S2).

Singular Enrichment Analysis (SEA) of Gene Ontology (GO) terms of genes that
were downregulated in swc4i seedlings demonstrated enrichment in biological
process categories related to responses to stimulus and stress, and cell death
which may be related to the accelerated senescence phenotype observed in swc4i
plants (Supplemental Figure S7C). Among the upregulated genes, the most
significant GO categories enriched were primary and secondary metabolism, and
response to stimulus and stress (Supplemental Figure S7B). There were also
genes involved in post-embryonic development, cell cycle control, cell
differentiation and growth (Supplemental Figure S7B), which may explain the
smaller size and cell proliferation defects displayed by swc4i plants. All these data
are consistent with SWC4 regulating multiple genes either directly or through a

subset of key regulatory genes responsible for its wide role on development.

We compared the transcriptomic profiles of swc4i with published RNA-seq data
from piel, arp6, swc6, h2a.z double (hta9 htall) and triple (hta8 hta9 htall)
mutants (Berriri et al., 2016; Coleman-Derr and Zilberman, 2012a; Kumar and
Wigge, 2010; March-Diaz et al., 2008); despite the different plant material and

growing conditions used in each experiment, we found a significant overlap in
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misregulated genes, that was similar to the level of co-incidence observed among

swrl-c mutants compared to each other (Supplemental Figure S8 and S9).

SWC4 is involved in H2A.Z deposition

Our proteomic analysis (Figure 1A and Supplemental Data S1) reveals that
Arabidopsis SWC4 is associated with SWR1-related chromatin remodeling
complex. The main role of SWR1-C is to mediate the deposition of the histone
variant H2A.Z into the chromatin (Jarillo and Pineiro, 2015). Therefore, we
determined the genome-wide distribution of histone H2A.Z in WT and swcdi
seedlings by ChlIP-seq using an antibody against HTA9 (see METHODS and
Supplemental Figure S10). Independent biological replicates were highly similar

(Supplemental Figure S11-S13) and were therefore analyzed together.

After peak calling, we detected 16,815 and 15,353 H2A.Z genes associated with
peaks in WT and swcdi plants, respectively (Supplemental Data S3). Peak
annotation showed that the H2A.Z signal was strongly enriched towards genic
features, with 60% of the peaks localized in gene exons (Figure 5A). Consistent
with previous publications (Coleman-Derr and Zilberman, 2012a; Yelagandula et
al., 2014), the highest levels of H2A.Z accumulation were detected close to the
TSS (Figure 5B and Supplemental Figure S12), with reduced accumulation levels
towards gene 3' ends while H2A.Z was depleted in transposon regions
(Supplemental Figure S12B,12D,12F and 12H). Heatmap representation of H2A.Z
occupancy relative to the TSS in all annotated genes (Figure 5C) corroborated this
observation. Comparison between H3 normalized H2A.Z accumulation in Col and
swcdi revealed decreased H2A.Z levels in swc4i seedlings but did not show any
strong alteration in the genomic distribution of H2A.Z (Figure 5B and 5C). We
performed a statistical analysis of H2A.Z ChiIP-enriched regions using SICER
(Zang et al., 2009) and identified 5,516 genes with a significant reduction of H2A.Z
levels in swcdi seedlings compared to WT (FDR <0.01;and Supplemental Data

S3). Plotting the H2A.Z signal intensity for all these regions showed a clear
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reduction of H2A.Z levels in swc4i compared to WT seedling (Figure 5D; * p<2.2E-

15, Wilcoxon rank-sum test).

SEA and GO analysis revealed that H2A.Z-depleted genes in swc4i were enriched
for a number of biological process categories including DNA metabolism
developmental and cellular processes (Supplemental Figure S14A). Interestingly,
all the statistically significant functional categories were related to transcriptional
regulation and DNA binding activity (Supplemental Figure S14B). We found a
statistically significant overlap between upregulated genes and those having
reduced levels of H2A.Z (hypergeometric test p<0.001, Figure 5F), while the
overlap with downregulated genes was not significant (Figure 5E). Upregulated
genes with reduced H2A.Z levels were enriched for genes with DNA binding and
control of transcription activities. Among these are 34 transcription factors
(Supplemental Data S4) that represent potential targets of SWCA4.

Arabidopsis SWC4 is a DNA-binding protein that recognizes AT-rich DNA
elements

Arabidopsis SWC4 and all SWC4/DMAP1 homologs bear a conserved DMAPL1 C-
terminal domain (InterPro IPR008468) (Supplemental Figure S15A) involved in
protein-protein interactions (Auger et al., 2008; Bittner et al., 2004; Boyer et al.,
2004; Zhou et al.,, 2010). In addition, SWC4 proteins contain an N-terminal
SANT/Myb_DMAP1 domain (InterPro IPR032563; Pfam PF16282) which is related
to the SANT (SWI3, ADA2, N-CoR and TFIlIB) domain and that has been
implicated in the interaction with DNA, histones and other proteins (Aasland et al.,
1996; Auger et al., 2008; Boyer et al., 2004; Zhou et al., 2010). The N-terminal
SANT domain is essential for yeast survival (Micialkiewicz and Chelstowska,
2008). All SANT domains have structural similarity to the DNA-binding domain of
Myb-related proteins (Aasland et al., 1996), with three tandemly repeated a-helices
that are arranged in a helix-turn—helix motif (Boyer et al., 2004; Tahirov et al.,
2001) (Supplemental Figure S15B). The yeast Adaptor2 (Ada2p) SANT domain
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interacts with N-terminal histone tails (Boyer et al., 2002). However, recent
evidence indicates that Chd1l chromatin remodeler protein, comprising SANT and
SANT-like ISWI domain (SLIDE) domains, may interact with DNA in a non-
canonical manner, with preference for AT-rich sequences (Ryan et al., 2011),
leading us to hypothesize that the SWC4 SANT/Myb_DMAP1 domain may also
bind DNA.

To determine if Arabidopsis SWC4 was able to recognize DNA sequences, we
performed DNA/protein-binding microarrays (PBMs) (Franco-Zorrilla et al., 2014,
Godoy et al., 2011). PBMs result in accurate quantification of protein binding
affinities to all possible DNA sequence variations, and it is considered a more
comprehensive approach than other in vitro methods (Berger and Bulyk, 2009;
Godoy et al., 2011). Interestingly, we found that MALTOSE BINDING PROTEIN
(MBP)-SWC4 was able to interact with AT-rich elements with great specificity (Z-
score value >4.5) and DNA binding affinities as high as those of canonical
transcription factors, showing an Enrichment score (E-score) value>0.44 (Figure
6A). No DNA binding at all was observed with MBP protein alone in PBMs
experiments. SWC4 DNA-binding capability was corroborated by electrophoretic
mobility shift assays (EMSA) showing that SWC4 binds to specific AT-rich
elements but not to GC-rich DNA probes (Supplemental Figure S16). All these
results indicate that SWC4 is able to specifically recognize a defined set of AT-rich

DNA elements (Figure 6A and Supplemental Figure S16).

As a validation of the biological relevance of the PBMs and EMSA experiments, we
searched for enrichment of these AT-rich DNA elements in the promoter regions of
the most likely SWC4 targets identified in our genomic analyses, those are genes
that were upregulated and displayed low H2A.Z levels in swc4i plants. AT-rich DNA
elements were significantly over-represented within sequences surrounding the
TSS of putative SWC4 target genes (hypergeometric test p< 4.85E-05), in
comparison with the presence of these DNA elements in all Arabidopsis genes
(Figure 6B). Interestingly, these AT-rich DNA elements were also over-represented

around the TSS of the misregulated genes in arp6-10 (Kumar and Wigge, 2010)
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and h2a.z triple mutant (Coleman-Derr and Zilberman, 2012a) (Supplemental
Figure S17). All these data indicate that SWC4 DNA-binding activity may contribute
to the recruitment of SWR1-C to certain genes by recognizing specific AT-rich

sequences.

SWC4-mediated H2A.Z deposition regulates FT expression

Defects in H2A.Z deposition were previously shown to cause increased FT
expression (Kumar and Wigge, 2010) and one of the top upregulated genes in
swcdi plants was the floral regulator FT (Supplemental Data S2). However HTA9
signal at FT locus is quite low (Kumar et al., 2012) and was not clearly detected in
our ChlP-seq. To address whether reduced SWC4 function promotes chromatin
alterations at FT, we performed ChIP assays and found that in swc4i seedlings
HTA9 levels were reduced at FT nucleosome +1 (Figure 7A and 7B). Similar
results were obtained when an a-HTA9/11 antibody (Zhang et al., 2015) was used

(Supplemental Figure S18).

Yeast Swc4 protein is also part of the histone acetyltransferase NuA4-C which is
responsible for the acetylation of histone H4 at lysine 5 (H4K5ac) (Doyon and
Cote, 2004; Earley et al., 2007). We therefore measured H4K5ac levels at FT but
we did not detect significant changes of this histone mark in the chromatin regions
analyzed in swc4i compared to WT seedlings (Figure 7C). All these data show that
SWC4 contributes to FT gene expression regulation mainly through H2A.Z

deposition.

H2A.Z is also required to regulate FLC expression(Deal et al., 2007); however we
found no difference in FLC transcript expression in swc4i under SD conditions
(Figure 5F), neither relevant changes in H2A.Z nor H4K5ac levels at FLC
chromatin were observed in swc4i compared to WT seedlings (Supplemental
Figure S19).

SWC4 binds target loci at AT-rich DNA elements overlapping with H2A.Z

peaks
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The fact that SWC4 was able to recognize specific AT-rich DNA elements (Figure
6A) prompted us to determine if SWC4 binds them in vivo. Using a specific
antibody against the full-length Arabidopsis SWC4 protein (See METHODS and
Supplemental Figure S20), we tested SWC4 binding to the floral regulator FT. Q-
PCR analysis of the DNA immunoprecipitated with the a-SWC4 antibody from WT
seedlings showed that SWC4 binds discrete chromatin locations at the 5~ end of
the FT locus (Figure 7D). Interestingly, SWC4 binding sites overlap with the peak
region of H2A.Z present immediately downstream of the TSS of this gene (Figure
7B). To corroborate that SWC4 in vivo binding sites colocalize with H2A.Z peaks,
we further assessed the binding of SWC4 to the TSS of three key regulatory
transcription factors that were upregulated and displayed lower H2A.Z levels in
swcdi plants, thus representing putative direct targets of SWC4 (Supplemental
Data S4): FUL, a MADS-domain transcription factor that plays a major role in the
development of the Arabidopsis fruit and the control of floral transition (Ferrandiz
and Fourquin, 2014), ETHYLENE-RESPONSIVE TRANSCRIPTION FACTOR 9
(ERF9), a transcriptional repressor that participates in plant defense mechanisms
against necrotic fungi mediated by the ethylene/JA signaling pathway (Maruyama
et al., 2013), and AUXIN-RESPONSIVE PROTEIN 19/MASSUGU?2 (IAA19/MSG2),
a key regulator of auxin response that is required for stress tolerance (Shani et al.,
2017). As shown in Figure 8A, SWC4 binding was detected around the TSS of
FUL, ERF9, and IAA19 genes but not in Ta3 transposon region. Again, the SWC4-
binding regions overlap with the H2A.Z peaks detected in our ChlP-seq analysis
(Figure 8B).

Consistent with SWC4 binding to defined AT-rich DNA elements in vitro (Figure 6),
the SWC4-chromatin binding sites determined in vivo by ChIP in these genes
contain those elements (Figure 8B-8D; Supplemental Data S5). Therefore, SWC4
preferentially binds at regulatory regions of target loci that encompass specific AT-
rich elements. In addition, the binding site of this SWR1-C component overlaps
with peak regions enriched in H2A.Z in these genes (Figure 7B and Figure 8B-D).

Altogether these findings reveal a novel role for SWC4 in the regulation of gene
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expression through the recognition of defined AT-rich sequences modulating
H2A.Z deposition at target genes by the SWR1-C (Figure 8E). To further test this
hypothesis, we sought to investigate whether SWC4 is required for the recruitment
of ARP®6, a core subunit of the SWR1-C (Martin-Trillo et al., 2006) to the FT locus.
For this, we carried out ChIP with an anti-ARP6 antibody to explore ARP6
occupancy at FT chromatin. In WT, we detected ARP6 binding around the TSS (at
positions -38 and +185 from the TSS) (Supplemental Figure S21B and C),
coinciding with the enrichment of H2A.Z (Fig. 7). In swc4i, ARP6 enrichment at
these regions of FT was reduced compared with WT (Supplemental Figure S21B
and C). These data strongly support a role of SWC4 in recruiting SWR1-C to FT

chromatin mediating H2A.Z deposition.

DISCUSSION

In this study we have identified the Arabidopsis homolog of SWC4/Eaf2/DMAP1
proteins as a novel interactor of SWCB6, a core component of the SWR1-C in plants
(Lazaro et al., 2008). The identification of other known SWR21-C subunits in our
proteomic approach suggests that SWC4 is associated in vivo with a conserved
plant SWR1-C. Swc4 is also present in the yeast NuA4-C, which mediates the
acetylation of histones H4, H2A and H2A.Z (Lu et al., 2009). DMAP1 has been also
identified as a component of TIP60 complex in animal cells (Doyon et al., 2004).
The Arabidopsis genome contains homologs for most of the subunits of the yeast
NuA4-C (Jarillo and Pineiro, 2015; March-Diaz and Reyes, 2009), but a functional
link between NuA4-C and SWR1-C in plants has not been determined to date.
Interestingly, our experiments also revealed an interaction of SWC6 with HAM1
(Supplemental Data S1), a Myst family histone acetyltransferase, considered to be
the catalytic subunit of the putative Arabidopsis NuA4-C (Latrasse et al., 2008;
Xiao et al., 2013). In addition, we found that SWC6 interacts with AtEAF1, a protein
proposed as a platform for the putative Arabidopsis NuA4-C (Bieluszewski et al.,

2015), suggesting that the plant SWR1 and NuA4 complex activities may reside in
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a merged TIP60-like complex, as in animals (Billon and Cote, 2012). Further

research will be needed to test this hypothesis.

Yeast Swc4 is an essential gene (Micialkiewicz and Chelstowska, 2008) and
DMAP1 knockout mice embryos abort at preimplantation stage (Mohan et al.,
2011). We found that loss of Arabidopsis SWC4 function caused embryo defects at
rather late stages (Figure 2), revealing that loss of SWC4 has less severe
consequences for plant than mammalian embryogenesis. However, the
Arabidopsis swc4-1 mutant largely failed to transmit the mutant allele through the
male gametophyte (Figure 2), while gametogenesis was apparently not affected.
The described fertility defects of swc4-1 are stronger than those observed in other
Arabidopsis SWR1-C mutants that either are viable or display reduced fertility
caused by altered anther or ovule development (Kandasamy et al., 2005; Qin et al.,
2014; Rosa et al., 2013). A possible explanation for the lethality associated with the
SWC4 loss-of-function mutation may be the concurrent presence of this protein in
different chromatin remodeling complexes that are essential for proper embryo
development like NuA4-C (Latrasse et al., 2008).

SWC4 knockdown plants show more extreme phenotypic defects than previously
characterized SWR1-C mutants. For instance, swc4i plants have decreased plant
and organ size due to reduced cell size, while arp6 mutant leaves are composed of
fewer total cells rather than a normal number of smaller cells (Deal et al., 2005).
Cell size is closely associated with polyploidy in Arabidopsis leaves (Meagher et
al., 2007). Our results revealed that knocking down SWC4 expression led to a
decrease in the endoreduplication level (Figure 3), suggesting that SWC4 may
participate in the regulation of the entry into endocycle during leaf development.
Further analyses will be required to establish the precise role of SWR1-C in leaf

maturity programs or in the control of cell cycle regulation in Arabidopsis.

Similar to other SWR1-C mutants (March-Diaz and Reyes, 2009) and the h2a.z
triple mutant (Coleman-Derr and Zilberman, 2012a), SWC4 knockdown caused
accelerated flowering under LD conditions, likely due to FT upregulation. However,

the early flowering phenotype was not conspicuous under SD conditions, and a
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considerable number of swc4i plants eventually entered into senescence and died
before flowering. We have shown that swc4i plants have deregulated expression of
about 6% of all protein-coding genes (Supplemental Data S2), with significant
overlap with the set of misregulated genes observed in other swrl-c mutants and
plants depleted in H2A.Z (Supplemental Figure S8 and S9). This list of genes
includes a number of candidates that may counteract FT upregulation or induce
premature plant senescence. In addition, the expression patterns of flowering time
genes determined in swc4i plants are not totally coincident with those observed in
any of the previously characterized SWR1-C mutants, likely indicating the

participation of SWC4 in other chromatin-related complexes.

In Arabidopsis, H2A.Z occupancy at nucleosome +1 inversely correlates with gene
expression (Dai et al., 2017), suggesting that this histone variant might be evicted
during transcription (Talbert and Henikoff, 2017). However, the presence of H2A.Z
at +1 nucleosome in certain genes is required for maintenance of transcriptional
activity (Cai et al., 2017; Deal et al., 2007; Sura et al., 2017). Thus, H2A.Z located
at TSS proximal regions is not exclusively involved in promoting transcription
(Weber and Henikoff, 2014), but may rather configure the chromatin structure to
modulate proper gene expression in response to cellular or environmental cues
(Subramanian et al., 2015). A number of results indicate that Arabidopsis SWC4
may contribute to regulation of gene expression through modulation of H2A.Z
dynamics. In agreement with the pleiotropic phenotypic alterations displayed by the
swcdi lines, we found nearly 1,800 misregulated genes in these plants, with more
than three times as many genes upregulated than downregulated. In addition,
SWC4 depletion reduces H2A.Z levels in more than 5,000 genes including a
significant overlap with genes upregulated in swc4i (Figure 5F). Thus, these data
suggest that Arabidopsis SWC4 has a major function in transcriptional repression
as proposed earlier for other Arabidopsis SWR1-C components (Coleman-Derr
and Zilberman, 2012a; Dai et al., 2017; Smith et al., 2010) or for the SWR1-C in
other species (Guillemette et al., 2005; Marques et al., 2010; Zhang et al., 2005).
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In all eukaryotes analyzed, nucleosome-free DNA regions (NFR) are marked by
H2A.Z-containing nucleosomes around the TSS (Mavrich et al., 2008; Raisner et
al., 2005; Zilberman et al., 2008). Although SWR1-C is known to catalyze ATP-
dependent deposition of H2A.Z (Jarillo and Pineiro, 2015), the recruitment
mechanism of SWR1-C to specific genomic regions remains unclear. Swc4 is part
of the N-module which plays a critical role in facilitating the contact of SWR1-C with
the nucleosome (Gerhold and Gasser, 2014; Kapoor and Shen, 2014). In addition,
yeast Swc4 can be detected associated to nucleosomes independently of SWR1-C
(Yen et al.,, 2013). All SWC4 homologs are characterized by bearing a
SANT/Myb_DMAP1 domain which is structurally related to Myb-like DNA binding
domains. In fact, recent evidence indicates that a protein harboring SANT and
SLIDE domains may interact with AT-rich sequences (Ryan et al.,, 2011).
Consistent with this observation, we found that Arabidopsis SWC4 is able to bind
AT-rich DNA sequences with high affinity. These AT-rich DNA elements are over-
represented in the promoter sequences of upregulated genes with lower H2A.Z
levels in SWC4 knockdown plants, and around the TSS of the misregulated genes
in arp6-10 and h2a.z triple mutant (Supplemental Figure S17), indicating that
SWC4 DNA-binding activity may contribute to the recruitment of SWR1-C to certain

target genes recognizing specific AT-rich sequences.

Consistent with the role of SWC4 on H2A.Z dynamics, we found that SWC4 protein
in vivo binds to the FT locus and other key developmental regulators such as FUL,
ERF9 and IAA19 at H2A.Z-enriched regions around nucleosome +1 containing
specific SWC4 AT-rich DNA binding elements (Figure 7 and 8). These genes are
derepressed and show reduced H2A.Z levels in SWC4 knockdown plants. FT, one
of the most upregulated genes in our transcriptomic analysis, is a key floral
integrator gene and eviction of H2A.Z-containing nucleosomes leads to FT
upregulation (Kumar et al., 2012; Kumar and Wigge, 2010). Consequently, we
found that SWC4 downregulation results in increased FT expression due to a
reduction in H2A.Z levels at FT nucleosome +1, and suggests that SWC4

negatively regulates FT expression by modulating H2A.Z deposition. Further, our
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findings indicate that SWC4 is required for ARP6 targeting at FT chromatin
(Supplemental Figure S21), supporting a key role for SWC4 in recruiting SWR1-C
to this locus.

Our data represent the first evidence showing that a SWC4 homologue may bind
DNA, reveal a novel regulator of the floral integrator FT and of other key
transcription factors, and suggest a model in which Arabidopsis SWR1-C targets
specific chromatin regions through SWC4 (Figure 8E). Yeast SWR1-C
preferentially binds to long nucleosome-free AT-rich DNA regions and the adjoining
nucleosome core particle, allowing discrimination of gene promoters over gene
bodies (Ranjan et al., 2013; Yen et al., 2013). In this context, it would be very
interesting to address if SWC4 DNA binding activity is conserved across
eukaryotes and might contribute, together with additional proteins such as SWC2
(Yen et al., 2013), to the preferential recognition of specific chromatin locations in

target genes.

METHODS
Genetic stocks and growth conditions

Arabidopsis thaliana swc4-1 (GABI_696G09) mutant seeds were obtained from the
Nottingham Arabidopsis Stock Centre (NASC). Plants growing conditions and
identification of swc6-1 mutant were as described (Lazaro et al., 2008). LD
conditions consisted of 16 h of light followed by 8 h of darkness; SD conditions

consisted of 8 h of light followed by 16 h of darkness.
Generation of transgenic SWC4 silenced and overexpressor lines.

SWC4 RNA interference construct consisted of the first 500 bp of SWC4 coding
region inserted twice into the vector pKANNIBAL (CSIRO, Australia) in opposite
direction with an intron between them to create a hairpin. The full construct was

then cloned into the binary vector pROK2 and transformed into WT plants to
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generate the swc4i silenced plants. The overexpression construct in the pROK2
vector consisted of the full-length SWC4 coding region under the control of the 35S
promoter cloned into the pROK2 vector.. Transgenic plants were generated
following Agrobacterium tumefaciens-mediated transformation using the floral-dip
method (Clough and Bent, 1998).

Complementation of the swc4-1 mutation

Homozygous swc4-1 condition could not be obtained from self-fertilized swc4-1/+
heterozygous plants that always segregated WT and swc4-1/+ plants. To
complement swc4-1 lethality, first a second T-DNA insertion present in
GABI_696G09 line was segregated away. Then a 5.9 kb genomic fragment
including 1 kb upstream, 1.6 kb downstream and full SWC4 gene was cloned into
pCambia2300 binary vector (http://www.cambia.org). This genomic construct was
transformed into swc4-1/+ heterozygous plants by agro-infiltration. T1 transgenic
lines were selected in media containing kanamycin (resistance in the pCambia
2300 vector) and sulfadiazine (resistance linked to the swc4-1 T-DNA). Five out of
six transgenic lines complemented the swc4-1 allele: T2 and T3 progeny were
100% resistance to sulfadiazine, demonstrating that swc4-1 lethality was fully
rescued, allowing the maintenance of the swc4-1 mutation in homozygosis in the

presence of a transgenic SWC4 WT genomic clone.
Phenotypic analyses

Flowering time was quantified by counting the total leaf number at the time of first
flower opening. Root length was measured at 15 days after germination in vertical
Petri dishes containing MS medium supplemented with 1% (w/v) sucrose and 1%
(w/v) plant agar. Pollen grains (n>50) viability was observed under light microscope
after Alexander’s staining (Alexander, 1969). Nuclear visualization was done under
UV epi-illumination after DAPI (4, 6-diamidino- 2-phenylindole) staining (0.1 yg/mL)

for 1 h. Samples were washed and analyzed by fluorescence microscopy.

Microscopy
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For white light microscopic analysis, rosette leaves were incubated in 95% ethanol
at 90°C for 5 min and in lactophenol overnight at room temperature. Samples were
mounted on slides and analyzed by Nomarski microscopy. For SEM, a Zeiss 960
microscope was used in low vacuum conditions with unfixed material. The cells
were counted from three different leaf areas. The Digital images were analysed by
software ImageJ 1.34s (Wayne Rasband, NIH, USA).

Flow cytometry

Rossete leaves were grinded and resuspended in cold nuclear isolation buffer as
described (Galbraith et al., 1991). This crude preparation of isolated nuclei was
filtered through 48-um nylon mesh, treated with RNase A (100 pg/mL), and stained
with propidium iodide (50 pg/mL; Sigma). At least 10* isolated nuclei were

analyzed with a FACScalibur flow cytometer (BD Bioscience).
Expression analyses

Total RNA was extracted from plant leaves or seedlings using EZNA Plant RNA Kit
(Omega Bio-tek) following the manufacturer's recommendations. cDNA was
prepared by reverse transcription of total RNA according to standard procedures
(Martin-Trillo et al., 2006). SWC4 transcript levels were assayed by quantitative
radioactive RT-PCR experiments with specific primers designed to amplify SWC4
N-terminal coding sequence (Supplemental Table S1). UBIQUITIN 10 (UBQ 10)
was used as a loading control. Non-saturated RT-PCR products were blotted to
Hybond-N+ (GE Healthcare) membranes following manufacturer instructions.
SWC4 and UBQ10 DNA probes were PCR-amplified, purified and radioactively
labelled with a-32P-dCTP using “Rediprime 1l DNA Ramdom Prime Labelling
system” (GE Healthcare). Nucleic acid hybridizations were performed following
standard laboratory procedures and signal was detected using “Amersham
Hyperfiim MP” (GE Healthcare). Gene expression analyses of flowering time
regulator genes (FLC, FT and SOC1) and SWC4 were performed by real time
guantitative RT-PCR using LightCycler 480 SYBR Green (Roche). The specific

primers used are described in the Supplemental Table S1.
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RNA-seq analysis

Two biological replicates form each genotype, WT and swc4i, were sequenced and
analyzed (Supplemental Table S2). Total RNA was extracted from 16 day-old
seedling grown on agar plates under SD at Zeitgeber time (ZT) 8. Genomic DNA
was removed with Turbo DNase (Ambion). Library preparation and sequencing
were performed by Beijing Genomics Institute (HiSeq2000, 100 bp pair-end
sequencing, 200 bp short-insert library). Reads were mapped using TOPHAT 2.1.0
(Trapnell et al., 2009) in Galaxy (Afgan et al., 2016) and differential expression
analysis was performed using DESeg2 module (Love et al., 2014) of SegMonk

software  (http://www.bioinformatics.babraham.ac.uk/projects/segmonk/). Gene

Ontology analysis was performed using AgriGO (Du et al.,, 2010) and REVIGO
(Supek et al., 2011) web-based tools. Venn Diagrams were elaborated using
VENNY (http://bioinfogp.cnb.csic.es/tools/venny/index.html).

Chromatin Immunoprecipitation

ChIP experiments were performed as described (Song et al., 2014), using 1.5 g of
16 day-old seedling grown on agar plates under SD collected at ZT8. ChIP DNA
was quantified by Q-PCR using the oligonucleotides described in Supplemental
Table S1. DNA enrichment was estimated as the fraction of immunoprecipitated
DNA relative to input (%INPUT). Relative histone modifications levels were
determined as %INPUT of each region / %INPUT ACTIN fragment. Arabidopsis
specific a-HTA9 antibody (AS10718) from Agrisera was thoroughly tested by
western blot and control ChlIP experiments (Supplemental Figure S10 and Figure
7B). a-SWC4 antibody was raised against full length SWC4 protein obtained as
described in Supplemental Methods. Data from Figure 7D and Fig 8A are from
independent experiments. We also used the following antibodies: a-H4K5ac (07-
327 Merck-Millipore), a-H3 (Abcam ab1791), a-HTA9/11 (Zhang et al., 2015) and
a-ARP6 (Zhao et al., 2018).

ChlIP-seq analysis
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Two independent ChIP experiments using a-HTA9 and a-H3 antibodies (16 day-
old seedlings, grown under SD, collected at ZT8) of each genotype, WT and swc4i,
were sequenced and analyzed (Supplemental Table S3). ChlP-seq libraries were
generated using the Ovation Ultralow Library System V2 (NUGEN), library size
300-400 bp using 10 ng of starting material. Sequencing was performed on a
HiSeq2500, with single-end reads 50 bp length. Reads from independent biological
replicates were mapped to the TAIR10 genome using Bowtie (v 2) replicate wise
(Langmead et al., 2009). Delineation of significantly ChiP-enriched regions and
differential analysis between WT and swc4i were done with SICER (Zang et al.,
2009) using H3 as control library with a redundancy threshold of 1, a window size
of 200bp, a gap size of 600bp and FDR=0.01. Heatmap of the HTA9 ChIP-seq
signal over the TSS was created using deepTools suite (Ramirez et al., 2014). For
metagene plots, ChIP signals were normalized with H3 ChIP data by calculating
the difference in 150-bp bins across the genome. These data were standardized
and normalized for comparative purposes across samples with a z-score
transformation (Cheadle et al., 2003). Annotations of peak location relative to

different genomic features were performed using PAVIS (Huang et al., 2013).
Protein-binding microarrays

SWC4 DNA-binding specificity was determined by performing protein-binding
microarrays. Detection of protein-DNA complexes, data processing and analysis of
enriched 8-mers were performed as described (Franco-Zorrilla et al., 2014; Godoy
et al., 2011). See Supplemental METHODS for detailed method description.

Bioinformatics analyses of SWC4 AT-rich DNA binding elements

Position weight matrices for the AT-rich DNA elements were used to scan the
regions surrounding the TSS (from -500 to +500) with Regulatory Sequence
Analysis Tools (RSAT) (Medina-Rivera et al., 2015). Data corresponding to scw4i
up-regulated with low H2A.Z and all TAIR10 genes were extracted and binding

sites densities scored as the number of binding sites/number of promoters.

Yeast two-hybrid analysis
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Y2H interaction analyses were conducted in the yeast strain Y190 with the
MatchMaker two-hybrid system (Clontech). pGBT8 or pDEST32 plasmids were
used for GBD fusion constructs and pGAD or pDEST22 plasmids were used for
GAD fusion constructs. cDNAs for SWC4, SWC6 and YAF9A were obtained by
standard PCR techniques and cloned into the above-mentioned vectors using
Gateway gene cloning technologies (Invitrogen). Selection of yeasts was
performed on synthetic complete minimal medium without His, Leu, and Trp,
supplemented with 0 to 25 mM 3-amino-1,2,4-triazole (3-AT).

Co-IP studies

Co-IP experiments in N. benthamiana were performed as described in (Lazaro et
al., 2015). Briefly, SWC4 full-length cDNA was cloned using Gateway recombinant
technologies (Life Technologies) into the pGWB5 or pGWB6 vectors; SWC6-myc
construct is described in (Lazaro et al., 2008); and. SWC4-GFP fusion proteins
were immunoprecipitated with GFP-Trap_A (ChromoTek) and SWC6-myc was
detected using anti c-Myc (Millipore, clone 4A6).

Protein affinity purification and tandem mass spectrometry

Functional and complemented Arabidopsis SWC6-Myc overexpressing lines were
used in these assays (Lazaro et al., 2008). Proteins were extracted from 5 g of 10
day-old Arabidopsis seedlings, and SWC6-Myc was immunoprecipitated using a c-
Myc antibody-conjugated agarose beads (MBL CODE No. 3305A, MoAb. Clone
1G4). This mild purification system allowed c-Myc peptide elution of specific
interactors reducing the number of interacting proteins due to non-specific binding
to the agarose beads. Extraction and immunoprecipitation were performed at 4C
using the same buffer (Tris-HCI pH7.5 10 mM, NaCl 150 mM, EDTA 2.5 mM,
Glycerol 10% and Triton X-100 0.5%, supplemented with ROCHE Complete

protease inhibitors)

c-Myc-eluted and agarose beads protein samples were analyzed by tandem mass

spectrometry (AP-MS/MS). Detailed procedures descriptions are in Supplemental
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METHODS. Specific SWC6 interactors were identified comparing the results
obtained using SWC6-Myc tagged lines and control Arabidopsis plants without the
tag. We performed two independent experiments and proteins identified in both
independent SWC6-Myc purifications are listed in Supplemental Data S1.

See Supplemental METHODS for detailed description of protein-interaction

analysis and further methods.
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FIGURE LEGENDS
Figure 1. Physical interactions between SWC4 and SWC6.

(A) SWR1-C related proteins co-purified with SWC6. Number of peptides identified
by mass spectrometry after immunoprecipitation in samples eluted (E) with c-Myc
peptide or that remain in the agarose beads (B), from SWC6-myc and negative

control seedlings.

(B) Y2H assays showing that SWC6 interacts with SWCA4. Full-length SWC6 and
SWC4 proteins were fused to the GAL4-Activation and DNA binding domain,
respectively. Yeast transformed with these constructs or empty vectors were grown
with increasing concentrations of 3-AT (0, 15mM and 25 mM). Three-fold

decreasing dilutions of yeast were plated left to right in each panel.

(C) Co-IP assays in agroinfiltrated N. benthamiana plants. SWC4-GFP, GFP-
SWC4 and Myc-SWC6 fusion proteins were produced alone or in combination in
wild Nicotiana plants, and GFP fusion proteins were immunoprecipitated with GFP-
Trap_A (ChromoTek) and Myc-SWC6 was detected using anti c-Myc (Millipore,
clone 4A6).

Figure 2. Disruption of the SWC4 gene affects embryo development whereas
Knockdown expression of SWC4 mRNA results in pleiotropic developmental

abnormalities.
(A) Schematic representation of swc4-1 T-DNA insertion.

(B) Number of normal and abnormal seeds in heterozygous swc4-1/+ siliques.

Error bars indicate +sd.
(C) Open silique of a swc4-1/+ plant. Arrows indicate the abnormal seeds formed.

(D) Picture of embryos from Col seeds and swc4-1/+ white seeds containing

arrested abnormal embryos. Scale bar = 70 um .

(E) Distribution of aborted seeds in heterozygous swc4-1/+ siliques. The silique

from heterozygous swc4-1/+ plants was divided into 25 regions to quantify the
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distribution of abnormal seeds. The majority of aborted seeds were localized in the
region close to the stigma and only a minor fraction at the bottom of the silique.

(F) Q-PCR analysis of the expression of SWC4 in 16 day-old RNAI line 712

(swcdi) seedlings grown under SD conditions. Error bars indicate * sd (n=3).
(G) Col and swcd4i plants grown under LD and SD for 3 and 9 weeks, respectively.
(H) Rosette leaves of Col and swc4i plants grown under LD conditions.

() Pictures showing the organ size reduction in swc4i compared to Col. Detail of
flowers, petals, stamens, carpels and siliques size from Col (left) and swc4i ( right)

plants grown under SD conditions.

Figure 3. SWCA4 regulates leaf cell proliferation and expansion processes.

(A) Rosette diameter of 32 day-old Col and swc4i plants grown under LD and SD

conditions (n=10). Error bars indicate +sd; *** p<0.001 (Student’s t-test).

(B) Average leaf blade size (mm?) of leaves 3 and 4 from 32 day-old Col and swc4i
plants grown under SD conditions (n=20). Error bars indicate tsd; *** p<0.001
(Student’s t-test).

(C) SEM images of adaxial leaf epidermal layers of Col and swc4i plants (200x).

Scale bar = 50um.

(D-F) Cell number per unit area (D), cell size distribution (E) and estimated cell
area (F) in the adaxial leaf epidermis of Col and swc4i plants. Measurements were
carried out in the central region of at least seven leaves. (n = 200 cells). Error bars
indicate £sd; *** p<0.001 (Student’s t-test).

(G-H) Nuclear DNA ploidy distribution in Col and swc4i plants grown under SD
(G) and LD (H) conditions. The results shown are the average of three independent

assays. Error bars indicate +sd.

Figure 4. SWC4 knockdown alters the expression of flowering time genes.
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(A-B) Total leaf number of Col, swc6-1 and swc4i plants grown under LD (A) and
SD (B) conditions. In SD conditions about 40% of the swc4i plants grown did not
flower and were not included in the graph calculations. Flowering time data are the
average of 30 plants. Error bars indicate +sd; * p<0.05, *** p<0.001 (Student’s t-
test).

(C-H) Q-PCR expression analysis of flowering time genes (FT, SOC1 and FLC)
over a 24h time course in Col, swc6-1 and swc4i seedlings grown for 11 days in LD
(C,E, G) and 19 days in SD (D,F,H) conditions. Samples were harvested every 4 h
after dawn. ZT means Zeitgeber time.The data represent the average of 3 biological
replicates and error bars indicate +sd.

Figure 5. SWC4 modulates H2A.Z deposition.

(A) Pie chart showing the distribution of annotated HTA9 peaks in Col seedlings
relative to nearby genomic features including TSS, exons, introns and untranslated

regions.

(B) Metagene plot of ChiP-seq z-score-normalized HTA9 values across all genes -
/+ 2 kb in Col and swc4i.

(C) Heatmap showing the distribution of Col and swc4i HTA9 levels in a 1kb region
upstream and downstream of the TSS across all Arabidopsis genes. Each row

represents the normalized ChIP-seq log, HTA9/Input ratio over one gene.

(D) Box-plot of z-score normalized HTA9 ChlP-seq levels in differentially enriched
HTAQ regions in Col and swc4i (*p<2.2 E-15, Wilcoxon rank-sum test).

(E) Venn diagram showing the overlap between downregulated genes with low
H2A.Z levels in swc4i compared to Col.

(F) Venn diagram showing the overlap between upregulated genes with low H2A:Z

levels in swc4i compared to Col (*** hypergeometric test p<0.001).
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Figure 6. Arabidopsis SWC4 is a DNA-binding protein that preferentially

recognizes AT-rich DNA elements.

(A) Position weight matrix representation of the DNA motifs obtained for SWC4 in

protein binding microarray assay.

(B) AT-rich DNA binding elements are enriched around TSS of SWCA4-target
genes. Plot represents the density of SWC4 binding sequences around the TSS
(position 0, x-axis), covering 0.5 kb upstream and downstream of the TSS, and
include average densities for all the Arabidopsis genes contained in The
Arabidopsis Information Resource database (TAIR10, blue line) and the subgroup

of genes upregulated and with low H2A.Z levels in swc4i (red line).

Figure 7. SWC4 binds defined AT-rich DNA elements to recruit SWR1-C at FT

chromatin.

(A) Schematic representation of FT locus indicating the regions analyzed by ChiP.

Arrows indicate AT-rich DNA elements at FT chromatin (Supplemental Data S5).

(B-C) ChIP experiments using a-HTA9 (B) and a-H4K5ac (C) in WT and swc4i
seedlings. Data are represented as the fraction of immunoprecipitated DNA
normalized to an ACTIN gene region. Graphs represent the average of 3
independent biological ChIP experiments quantified by Q-PCR. Error bars indicate
tsd (*** p<0.001; Student’s t-test).

(D) ChIP experiments using a-SWC4 antibody in WT seedlings. No Ab means
mock immunoprecipitation sample without antibody. Data are the average of 3
independent biological ChIP experiments quantified by Q-PCR and is represented

as INPUT. Error bars indicate +sd.

Figure 8. SWC4 mediates the recruitment of SWR1-C to the chromatin of key

regulatory transcription factors by recognizing AT-rich DNA elements.
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(A) ChIP experiments using a-SWC4 antibody in WT seedlings showing the
binding of SWC4 at FT, FUL, IAA19 and ERF9 loci. Data are the average of 3
independent biological ChIP experiments quantified by Q-PCR and is represented

as INPUT. Error bars indicate +sd.

(B-D) H2A.Z ChIP-seq data of FUL (B), IAA19 (C) and ERF9 (D) displayed using
the Integrative Genomics Viewer (IGV, Broad Institute) showing a schematic
representation of the gene, WT (blue) and swc4i (red) HTA9 z-score values. SWC4
ChlIP-binding sites (red line) localize over H2A.Z peaks and encompass AT-rich
DNA elements (arrows) identified using matrix-scan RSAT tool (Markov order 1; p<
0.01).

(E) Working model for the role of SWC4 in the SWR1-C-mediated deposition of
H2A.Z at target loci.

SWR1-C catalyzes ATP-dependent deposition of H2A.Z, but the recruitment
mechanism of SWR1-C to promoter regions remains unclear. In all eukaryotes
analyzed, NFR are flanked by H2A.Z-containing nucleosomes around the TSS.
SWR1-C might preferentially bind to long nucleosome-free AT-rich DNA, allowing
discrimination of gene promoters over gene bodies. In Arabidopsis H2A.Z is
preferentially located in TSS but lacks upstream H2A.Z nucleosomes and H2A.Z
occupancy at nucleosome +1 is inversely correlated with gene expression levels.
Our data show that Arabidopsis SWC4 binds DNA, recognizing preferentially AT-
rich DNA elements that are over-represented in the promoters of a subset of genes
where H2A.Z incorporation impairs transcription. H2A.Z —containing nucleosomes
are depicted as orange square whereas white square correspond to H2A-

containing nucleosomes.

43



Figure 1

Experiment No.1 Experiment No.2
SWC6-myc Control SWC6-myc Control

Protein Name E B E B E B E B
Q8LGE3  ARP6 16 6 0 0 14 6 0 0
Q8VZL6 SWC4 2 0 0 0 1 0 0 0
Q9FH40  YAF9A 1 0 0 0 0 0 0 0
QOWT50 SWC2 0 0 0 0 0 1 0 0
Q7X9V2 PIE1 1 0 1 0 3 1 1 0
Q9FJWO0 RVB2A 6 15 0 2 0 0 0 0
QIM2X5 RVB2B 1 1 0 0 0 0 0 0
Q9FMR9  RVB1 10 15 4 8 1 1 0 0
Q84M92  ARP4 26 34 12 18 45 1 24 0

pDEST22+pDEST32
SWC6+pDEST32
pDEST22+SWC4
SWC6+SWC4

0 mM

15 mM 25 mM

INPUT (Crude Extract) IP a-GFP
SWC4-GFP - + - - + -
GFP-SWC4 - - + - - +
Myc-SWC6 + + + + + +
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Figure 4
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