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Abstract
PICKLE plays a critical role in repression of genes that regulate development identity in
Arabidopsis thaliana. PICKLE codes for a putative ATP-dependent chromatin remodeler that
exhibits sequence similarity to members of subfamily II of animal CHD remodelers, which
includes remodelers such as CHD3/Mi-2 that also restrict expression of developmental regulators.
Whereas animal CHD3 remodelers are a component of the Mi-2/NuRD complex that promotes
histone deacetylation, PICKLE promotes trimethylation of histone H3 lysine 27 suggesting that it
acts via a distinct epigenetic pathway. Here, we examine whether PICKLE is also a member of a
multisubunit complex and characterize the biochemical properties of recombinant PICKLE
protein. Phylogenetic analysis indicates that PICKLE-related proteins in plants share a common
ancestor with members of subfamily II of animal CHD remodelers. Biochemical characterization
of PICKLE in planta, however, reveals that PICKLE primarily exists as a monomer. Recombinant
PICKLE protein is an ATPase that is stimulated by ssDNA and mononucleosomes and binds to
both naked DNA and mononucleosomes. Furthermore, recombinant PICKLE exhibits ATP-
dependent chromatin remodeling activity. These studies demonstrate that subfamily II CHD
proteins in plants, such as PICKLE, retain ATP-dependent chromatin remodeling activity but act
through a mechanism that does not involve the ubiquitous Mi-2/NuRD complex.
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1. Introduction
Chromatin structure plays a critical role in enabling developmental regulation of gene
expression in eukaryotes. Plants and animals last shared a single-celled ancestor 1.6–1.9
billion years before present [1, 2], and development is likely to have evolved independently
in each [3]. The machinery that determines chromatin structure and gene expression is
comprised of components that are common to both kingdoms as well as factors unique to
each [4]. It is of considerable interest to understand how these various molecular elements
are made use of by plants and animals to determine chromatin structure and thereby
facilitate their distinct developmental attributes.
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CHD proteins are a family of ATP-dependent chromatin remodelers that are found in plants
and animals and play a variety of roles in gene expression. The CHD proteins derive their
name from the presence of three domains of sequence similarity [5]: a Chromatin
organization modifier domain (chromodomain), a SWI2/SNF2 ATPase/Helicase domain,
and a motif with sequence similarity to a DNA-binding domain. Three subfamilies of CHD
proteins (I, II, and III) are recognized in eukaryotes [6, 7]. Members of subfamily II are
distinguished by the presence of one or two copies of a PHD zinc finger domain [5, 8], as
well as by the presence of two domains of unknown function.

Genetic and biochemical analyses of several animal CHD subfamily II members have
revealed roles in repression of genes involved in developmental regulation [6, 9]. For
example, loss of dMi-2 in D. melanogaster leads to derepression of genes that promote
neural development [10, 11], whereas loss of Mi-2 in C. elegans leads to derepression of
germ line-specific genes in somatic cells [12]. A related protein, CHD4, has been shown to
contribute to repression of lymphoid and erythroid lineage genes in mouse hematopoietic
stem cells [13] and to repression of embryonic and fetal globin genes in human adult
erythroid cells [14].

Plant CHD proteins are closely related to animal members of subfamily II and also play a
role in repression of developmental identity. PICKLE (PKL) codes for a CHD3/4-related
protein in Arabidopsis [15, 16]. Loss of PKL leads to derepression of seed-specific genes
during germination [15, 17] and to ectopic expression of meristematic genes in carpel tissue
[16].

The discovery that CHD3 and CHD4 proteins are components of the Mi-2/NuRD complex
provided a biochemical basis for understanding how these remodelers contribute to gene
repression in vertebrates [18–21]. The Mi-2/NuRD complex contains histone deacetylase
HDAC1/2 as well as the methyl CpG binding domain protein MBD2 and provides a
mechanistic link between DNA methylation and transcriptional repression: DNA
methylation results in targeting of the Mi-2/NuRD associated histone deacetylase activity
and the resulting deacetylated histones subsequently contribute to transcriptional repression
[22]. Importantly, this complex can also be recruited to loci via protein-protein interactions
as well as by DNA methylation [6, 23, 24]. Mi-2/NuRD is the most abundant histone
deacetylase complex in mammalian cells and has been linked to numerous developmental
processes [9, 22, 25]. In addition, Mi-2/NuRD complex has been biochemically
characterized in D. melanogaster [26, 27] and in C. elegans [12, 28], suggesting that CHD3-
related proteins act in conjunction with histone deacetylases in invertebrates as well.

In Arabidopsis, however, PKL appears to contribute to repression not by promoting histone
deacetylation but by instead promoting trimethylation of histone H3 at K27 (H3K27me3), a
repressive epigenetic mark. H3K27me3-enriched loci are over-represented in the set of
genes that exhibit increased transcript levels in pkl plants [29, 30]. Loss of PKL results in
reduction of H3K27me3 at genomic loci, which is thought to contribute to transcriptional
derepression of many of these loci [29, 30]. Although a previous study suggested that PKL
acts by promoting expression of the PRC2 complex that methylates H3K27 [30], a
subsequent investigation found that PKL is unlikely to act in this fashion [31]. Zhang et al.
observed that PKL is not necessary for expression of the PRC2 machinery and further
demonstrated that PKL protein is present at the promoters of H3K27me3-enriched genes,
suggesting that PKL directly contributes to H3K27me3 at these genes. In particular, PKL is
present at the promoters of LEC1 and LEC2 during germination, which is when PKL is
required to repress expression of these H3K27me3-enriched loci [31].
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PKL is likely to play additional roles beyond promoting H3K27me3. H3K27me3-enriched
loci are also over-represented in the set of genes that exhibit decreased transcript levels in
pkl plants [30, 31], suggesting that PKL also contributes to promoting expression from loci
subject to this epigenetic modification. Furthermore, PKL is also present at ubiquitously
expressed genes such as ACT7 and UBQ10, although a functional role has yet to be
identified for PKL at this type of locus [31].

Analysis of CHD3-related proteins in animal systems similarly reveals that they can operate
outside of the Mi-2/NuRD paradigm. Repression of proneural genes in D. melanogaster and
of germline potential in C. elegans is likely to be mediated by a CHD3-containing complex
that is distinct from the Mi-2/NuRD complex [27, 28]. CHD4 is found in a complex with the
histone acetyltransferase p300 and in that context promotes expression of CD4 during T-cell
development in mice [32]. In Drosophila, dMi-2 is recruited to active heat shock genes and
is required for both efficient expression and transcript processing of heat shock genes [33].
Furthermore, CHD3 can also function as a co-activator for human c-Myb in a fashion that
does not depend on ATPase activity [34]. Thus members of subfamily II of CHD proteins
can participate in multiple remodeling pathways and can either repress or activate gene
expression depending on the other factors they associate with and can also contribute to
gene expression in a manner that is not dependent on remodeling activity.

Much less is known regarding the biochemical properties of plant CHD remodelers. In fact,
no plant CHD remodelers have been shown to exhibit remodeling activity. Here we
undertake biochemical characterization of PKL to understand how it contributes to
epigenetic modifications and gene expression in plants. Phylogenetic analysis of animal and
plant CHD proteins confirms that PKL-related proteins in plants share a common ancestor
with animal CHD proteins that are members of subfamily II. This analysis also reveals that
the existence of distinct clade of subfamily II members in plants and further reveals that
subfamily III is unique to animals. We find that in contrast to CHD3-related proteins in
animals, PKL primarily exists as a monomer in planta, which is consistent with its function
being independent of the Mi-2/NuRD complex. Like related CHD proteins in animals,
however, PKL is an ATPase and exhibits ATP-dependent chromatin remodeling activity.
Our data are consistent the hypothesis that PKL restricts gene expression in plants as a result
of its ability to remodel chromatin and that it does so via an epigenetic pathway that is
distinct from that used by related remodeling factors in animals.

2. Materials and methods
2.1. Expression of recombinant PKL

The PKL coding sequence was fused at the C-terminus to the FLAG epitope using PCR and
appropriate primers and cloned into the pVL1392 expression vector generating pJO1252.
Sf9 cells were transfected with pJO1252 and linearized baculovirus DNA (BD Biosciences,
Cat# 554739) using transfectin II reagent (Life Technologies, Cat# 10362–100) to generate
recombinant baculovirus according to the manufacturer’s instructions. For protein
production, SF9 insect cells were infected with the recombinant baculoviruses and
maintained at 27°C in TNMF-H medium [35] supplemented with 10% fetal bovine serum
and 10 μg/ml gentamycin. Three days after infection, the cells were harvested, washed 1×
with phosphate buffered saline (PBS) and spun down at 1000 rpm for 10 min. The cell
pellets were stored at −80°C before subsequent use. All subsequent steps were conducted
either on ice or at 4°C. The frozen cell mass was thawed and resuspended in a 10-fold
volume of lysis buffer of 25 mM Hepes, pH 7.6, 0.5 mM EDTA, 0.5 mM EGTA, 25 mM
MgCl2, 500 mM NaCl, 1 mM DTT, 10% glycerol containing Roche complete, mini protease
inhibitor cocktail (1 tablet/10 ml). The cell suspension was subjected to two cycles of
freezing and thawing, and then several strokes of Dounce homogenizer. After douncing, the
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cell lysate was centrifuged for 30 min at 15,000 rpm and the resulting supernatant was
diluted with an equal volume of the lysis buffer devoid of salts and metal chelators, and
mixed with anti-Flag M2 conjugated agarose beads (Sigma, 10 μl/106 cells). After rotating
overnight, the beads was spun down for 10 min at 5000 rpm and washed six times (each
time 15 min of rotation) in 1.5 ml of wash buffer of 25 mM Hepes, pH 7.6, 250 mM NaCl
and 10% glycerol. PKL-FLAG was eluted with 100 μl of the wash buffer containing 500
μg/ml Flag peptide (Sigma). The elution step was repeated thrice. The eluted proteins were
either used within a couple of days or kept at −20°C in 50% glycerol and 1 mM DTT. The
recombinant PKL-FLAG used in Figure 3D was prepared using wash buffer containing
0.1% Tween 20 and exhibited decreased ATPase activity relative to PKL-FLAG prepared in
the absence of Tween 20.

2.2. Characterization of PKL in planta
All the steps were performed at 4°C or on ice unless otherwise noted. 3-day-old PKL-FLAG
or wild-type (as negative control) seedlings grown on MS plates (supplemented with 1%
sucrose) were harvested, washed and ground into homogeneous lysate in 2 ml/g cold protein
extraction buffer (PEB; 40 mM HEPES·KOH, pH 7.5, 350 mM NaCl, 0.1% Tween 20, 10%
glycerol) supplemented with 1% protease inhibitor cocktail (Sigma P9599). Cell debris was
then pelleted by centrifugation at 4°C at 16,000 × g for 15 min and the supernatant was used
for subsequent experiments. For anti-FLAG purification, 20 μl anti-FLAG M2 resin is
incubated with every 1 ml supernatant with rotation for 1–3 hours, washed with cold PEB
for 3 times and eluted in 10 μl (per ml lysate) SDS-PAGE sample buffer. For gel filtration
analysis, cleared lysate were filtered through a 0.22-μm syringe filter (Pall Corporation).
Protein concentration was then determined using a Bio-Rad RC-DC kit (Bio-Rad) and ~10
mg of total protein (or unknown amount of purified PKL-FLAG protein) were resolved on a
Superose 6 10/300 GL column (GE Healthcare). For sucrose density gradient centrifugation,
10–30% gradients (5 ml total) were poured with a gradient maker. 10% and 30% sucrose
solutions were made in 50 mM NaPO4 pH 7.5, 400 mM NaCl, 0.1% Triton X-100.
Supernatant from wild-type plants prepared as described above were diluted ~2 fold in this
buffer w/o sucrose to lower the glycerol concentration to 5%. 50 μl of wild-type supernatant
was loaded onto the top of two gradients. Two identical but separate gradients were loaded
with 100 μg each of ferritin, catalase, aldolase, and BSA to serve as standards. Gradients
were spun at 48,000 rpm for 18 hours at 4 °C using an SW55 Ti rotor. 14-drop fractions
(~150 μl) were collected from bottom of tubes using a peristaltic pump. These fractions
were then characterized by SDS-PAGE and western analysis.

2.3. Reconstitution of mononucleosomes
Mononucleosomes were assembled on 277 or 343-bp of fluorescent DNA fragments using
recombinant histones of Xenopus laevis. DNA fragments (Table S2) were generated as PCR
products with fluorescent primers (5′-Alex fluor 488 or 647-N-hydroxysuccinimide) and
pGEM3z-601 [36] templates according to Thompson et al. [37] with the exception that the
labeled primers were not diluted 10-fold. Histones were prepared according to Luger et al.
[38]. For reconstitution, different molar ratios of DNA-to-octamer were mixed in 2M NaCl
and subjected to gradient dialysis as described by Dyer et al. [39]. After dialysis,
reconstitutions were verified by loading reactions onto a 4–5% non-denaturing acrylamide/
bisacrylamide (37.5:1, 2.6% C) 0.5X Tris borate-EDTA gel. Labeled nucleosomes were
detected using a Typhoon 8600 Imager (GE Healthcare). Mononucleosomes with the least
amount of free DNA were used either directly or after further purification by gel
electrophoresis [40] as indicated.
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2.4. ATPase assays
Standard assays contained 20 μl of 2 mM ATP, 50 mM NaCl, 0.5 mM dithiothreitol, 5 mM
MgCl2, 25 mM Tris (pH 7.9) and were conducted in the presence of cofactors at a
concentration that was several fold in excess of over the concentration of recombinant PKL
as described in [41]. Reaction mixtures containing 80 nM cofactor were prepared on ice and
started by addition of 14 nM PKL as the final component. A negative control was prepared
for each reaction mixture using a preparation of mock PKL from uninfected insect cells.
After incubating in a thermocycler at 30°C for 45 min, ATPase activity was stopped with a
phosphate detection solution of malachite-green dye (Biomol Green, Enzo Life Sciences)
and measured colorimetrically at 620 nm [42].

2.5. Restriction Enzyme Accessibility Assays
Accessibility assays were based on Smith et al. (2005) [43] and conducted in 15 μl reactions
with mononucleosomes reconstituted on fluorescently labeled 343-bp DNA. Reaction
mixtures were prepared on ice and initiated with the addition of HhaI (0.6 U/μl). Each
reaction contained 1X NEBuffer 2 (50 mM NaCl, 10 mM Tris-HCl, 10 mM MgCl2, 1mM
DTT, pH 7.9, New England Biolabs), 0.1 mg/ml bovine serum albumin, 2.67 mM ATP, 8
nM PKL and 47 nM mononucleosomes. After incubating in a thermocycler at 30°C for 30
min, reactions were deproteinated with 7.5 μl of stop buffer (1.5% SDS, 100 mM EDTA,
15% glycerol and 300 ng proteinase K) and kept at 55°C for 25 min. For time course
studies, aliquots were withdrawn at specific time points from a master mix. Cut and uncut
DNA were separated on 8% non-denaturing acrylamide/bisacrylamide (37.5:1, 2.6% C) Tris
Tricine-gel. Gels were visualized on a Typhoon 8600 Imager (GE Healthcare) and
quantified using ImageQuant TL software. Values represented averages of three trials.
Between trials, the values at each time point varied within ±6–7%.

2.6. Electrophoretic mobility shift assays
Fluorescently labeled 277-bp DNA fragments and mononucleosomes reconstituted on the
same DNA fragments were used for the band- shift assays. DNA fragments were generated
using the forward and reverse primers as described by Thompson et al. (2008) [37] and the
mononucleosomes were gel purified before use. Positioned mononucleosomes were purified
by 4% polyacrylamide gel electrophoresis with 0.5X TBE. Bands were visualized on a
Typhoon 8600 imager (GE Health) and then excised. Gel pieces were washed for 5 min in
about 5 volumes of elution buffer containing 10 mM Tris/HCl (pH 7.5), 50 mM KCL, 10%
glycerol and 0.4 μg/μl BSA and transferred to same volumes of fresh buffer. After
overnight at 4°C, the gel pieces were spun down at 14000 × g for 5 minutes and the
supernatants were further concentrated using centrifugal concentrator (100K MW cut-off,
Amicon). The eluted mononucleosomes were checked on a 4% polyacrylamide gel with
0.5% TBE and stored at 4°C.

DNA fragments (4 nM) or mononucleosomes (4.7 nM) and PKL (18.5 −115.7 nM) were
prepared in 15 μl Tris-HCl buffer (20 mM, pH 7.6), containing 50 mM NaCl, 1.5 mM
MgCl2, 1mM DTT, 0.1 mg/ml bovine serum albumin and 10% glycerol. After incubating on
ice for 10 min, the reaction products were analyzed on a 4% non-denaturing acrylamide/
bisacrylamide (37.5:1, 2.6% C) 0.5% Tris borate-EDTA-gel. Bands were visualized on a
Typhoon 8600 Imager (GE Healthcare).

2.7. Nucleosome mobility assays
Centrally or end positioned mononucleosomes reconstituted on fluorescently labeled 277-bp
DNA fragments were used for the mobility assays. DNA fragments were generated using the
forward/reverse and slid forward/slid reverse primers as described by Thompson et al.
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(2008) [37] and the mononucleosomes were gel-purified before use. Mononucleosomes
(66.6 nM) and PKL (1× = 115.7 nM) were prepared in the same Tris buffer as described for
the electrophoretic mobility shift assays plus 2.67 mM ATP. Reactions were incubated at
30°C for 40 min and stopped by adding 1 ug of competitor DNA (pGEM7z). After
incubating for another 10 min at 30°C the reaction products were analyzed on a 4% non-
denaturing acrylamide/bisacrylamide (37.5:1, 2.6% C) 0.5% Tris borate-EDTA-gel. Bands
were visualized on a Typhoon 8600 Imager (GE Healthcare).

2.8. Phylogenetic analysis and homology modeling
The list of CHD proteins along with the starting and ending number of the amino acid
residue used for sequence analysis is provided in Table S1. The sequences were aligned
using MAFFT version 6 (http://mafft.cbrc.jp/alignment/server/) using the E-INS-i setting (%
mafft --reorder --ep 0.0 --maxiterate 1000 --retree 1 --genafpair input) [44]. Neighbor
joining was then used to create a phylogenetic tree at the above MAFFT server for which all
ungapped sites were included, the WAG substitution model was used, heterogeneity among
sites was estimated, and the bootstrap resampling was 1000 [45]. This tree was visualized
using Archaeopteryx [46, 47].

Homology modeling was performed using the SWISS-MODEL server http://
swissmodel.expasy.org/. The coordinates of aa 952–1107 of PKL were generated by
threading using the yeast CHD1 DNA-binding domain as a template structure (PDB code:
3TED). The threaded model was manually superposed on the coordinates of the yeast CHD1
DNA-binding domain (PDB code: 3TED) using PyMOL v1.5.0.3 to generate a working
model for the interaction of PKL with a DNA ligand.

3. Results
3.1. PKL is most closely related to subfamily II of animal CHD remodelers

Previous phylogenetic characterization of CHD remodelers has focused on animal CHD
proteins and on the presence or absence of specific domains such as the PHD domain [6, 7].
To determine which CHD remodelers in plants and animals share common ancestors and
thus perhaps common remodeling activities, we undertook a phylogenetic analysis based on
sequence conservation that included selected organisms from both kingdoms. In particular,
we included CHD remodelers from both vertebrates (Homo sapiens and Danio rerio) and
invertebrates (Drosophila melanogaster and Caenorhabditis elegans) from animals and two
dicots (Arabidopsis thaliana and Populus trichocarpa) and a monocot (Brachypodium
distachyon) as well a lycophyte (Selaginella moellendorffii) and a moss (Physcomitrella
patens) from plants. For this analysis, we specifically selected the region of the CHD protein
that spans the first chromodomain to the recently identified SLIDE domain [48, 49] in the D
domain (see Table S1 for list of proteins and aa residues used), which is present in almost all
CHD proteins. The chromodomains, ATPase domain, and SANT-SLIDE domains contained
within this region all have been implicated in interacting with the chromatin substrate of
CHD remodelers [48–52].

Our analysis revealed that there are three distinct clades of plant CHD remodelers. These
three clades are related to the previously identified CHD remodeler subfamilies I and II, but
not subfamily III (Figure 1). For the sake of convenience, we have denoted the three clades
of plant CHD remodelers by the Arabidopsis CHD proteins included in each (PKL, PKR1,
and PKR3) and denoted the three subfamilies of animal CHD remodelers using the previous
nomenclature (I, II, and III).

PKR3-related proteins in plants clearly share a common ancestor with animal CHD proteins
belonging to subfamily I and thus can be regarded as plant members of subfamily I. The
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organization of domains of PKR3-related proteins is consistent with this assignment (Figure
S1).

In contrast, there appear to be 2 clades of plant CHD proteins that are derived from a
common ancestor to animal CHD proteins belonging to subfamily II. Our phylogenetic
analysis suggests that PKL- and PKR1-related proteins diverged early during plant evolution
from a common precursor that belonged to subfamily II. In support of this conjecture,
representatives of both PKL- and PKR1-related CHD remodelers are found in the genome of
the moss Physcomitrella patens. In agreement with pairwise analyses, analysis of the branch
lengths of the tree reveals that PKL-related proteins exhibit sequence conservation with
CHD3-related proteins that is substantially greater than that exhibited by PKR1-related
proteins. Similarly, the domain organization of PKL-related proteins is more closely related
to CHD3-related proteins (Figure S1). Thus our analysis suggests that although both PKL-
and PKR1-related remodelers are members of subfamily II of CHD remodelers, PKL-related
proteins have retained more characteristics in common with animal members of subfamily II
whereas PKR1-related remodelers have evolved into a specialized plant-specific clade of
this subfamily.

Our phylogenetic analysis also provides clear support for classifying PKR2 from
Arabidopsis as a member of subfamily II of CHD remodelers despite the absence of the
PHD domain that is characteristic of this group of proteins (Figure S1). In addition, no plant
CHD remodelers were identified by our database searches that were grouped with subfamily
III of animal CHD proteins, which includes the four mammalian remodelers CHD6–9. Thus
subfamily III is specific to animals. Intriguingly, our phylogenetic analysis suggests that the
divergence of this subfamily of remodelers occurred independently of the split of
subfamilies I and II into animal- and plant-specific clades, raising the possibility that this
subfamily was retained in animals but not plants.

3.2. DUF1086 contains a putative SANT domain
Our sequence analysis also provides new insights into the domain architecture of CHD
proteins. Analysis of the recently solved crystal structure of the DNA-binding domain of
CHD1 revealed the presence of both a SANT and a SLIDE domain [48, 49]. SANT domains
have structural similarity to MYB-like domains and are commonly found in proteins that
interact with chromatin [53, 54], whereas SLIDE domains had previously only been
identified in ISWI remodelers [55]. Subsequent database searches revealed the presence of
the SLIDE domain in CHD remodelers that were members of subfamily III as well, but did
not uncover strong candidates for SANT or SLIDE domains in other CHD proteins.

Intriguingly, our alignment of CHD remodelers revealed substantial sequence conservation
in all CHD proteins in regions that correspond to the yeast CHD1 protein SLIDE domain
(Figure 2A). In addition, we found that both animal CHD3-related proteins and plant PKL-
related proteins contain a region with considerable sequence similarity to the yeast CHD1
SANT domain. Importantly, the region of the CHD3- and PKL-related proteins that
corresponds to the SANT domain overlaps a previously noted domain of unknown function,
DUF1086. Specifically, of the 144 amino acids that lie within DUF1086 in PKL, the 106
amino acid C-terminal region exhibits sequence similarity to the DNA binding domain of
the yeast CHD1 protein. This overlap includes the 57 amino acid SANT domain, suggesting
that this portion of DUF1086 folds into a SANT domain.

To examine the possibility that CHD3- and PKL-related proteins adopt a three dimensional
structure similar to the structure of the CHD1 DNA-binding domain, we used the SWISS-
MODEL server to perform homology modeling [56, 57]. A 3D model of the relevant region
of PKL was generated using the yeast CHD1 DNA-binding domain as a template structure

Ho et al. Page 7

Biochim Biophys Acta. Author manuscript; available in PMC 2014 February 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



(PDB code: 3TED). We chose PKL for this analysis because our multiple sequence
alignment revealed that animal CHD3-related proteins possess a sizable insertion between
helices α6 and α7 of the yeast CHD1 DNA-binding domain that is lacking in PKL-related
proteins and thus the architecture of PKL and CHD1 is likely to be the most similar. The
predicted structure of PKL closely resembles the crystal structure of the DNA binding
domain from yeast CHD1 (Figure 2B and Figure S2). This observation suggests that the
putative DNA-binding domains of other CHD3- and PKL-related proteins are also likely to
adopt a SANT-SLIDE architecture. Conserved residues are located at similar positions in the
two structures and at key positions, such as in the hydrophobic core and at tight turns. This
conservation suggests that the predicted structure of the putative PKL DNA-binding domain
is likely to reflect the actual structure (Figure S2).

3.3. PKL primarily exists as a monomer in plants
CHD3 and related proteins from animals are incorporated into the multiprotein Mi-2/NuRD
complex [18–21], the most abundant histone deacetylase complex in mammalian systems
[22]. Given that PKL shares a common ancestor with CHD3-related proteins from animals
(Figure 1), we examined whether PKL is similarly a component of the Mi-2/NuRD complex
or an alternate complex. A crude protein extract was prepared from 3-day-old wild-type
seedlings and subsequently applied to a Superose 6 gel filtration column. Fractions from the
column were analyzed by Western blotting using an antibody that specifically recognizes
native PKL protein. We observed that native PKL protein elutes in a peak corresponding to
~650 KDa (Figure 3A). To verify these results, one copy of the FLAG epitope was fused to
the full-length PKL ORF to generate a PKL-FLAG translational fusion. This construct was
placed under the control of PKL regulatory sequences [17] and introduced into pkl-1 plants
where it rescued all mutant phenotypes associated with loss of PKL including root
development, trichome architecture, leaf development, flowering time, and height (data not
shown). When a crude protein extract prepared from 3-day-old PKL-FLAG seedlings was
applied to a gel filtration column, we again observed that the PKL-FLAG protein elutes with
a peak corresponding to ~650 KDa (Figure 3A).

The elution profile exhibited by PKL using gel filtration chromatography suggests that PKL
is a member of a multisubunit complex. We therefore biochemically characterized affinity-
purified PKL-FLAG protein from plants to test the hypothesis that PKL is a member of
multisubunit complex and to enable subsequent identification of any proteins that interact
with PKL. We first affinity purified PKL-FLAG protein under native conditions from crude
protein extract prepared from 3-day-old PKL-FLAG seedlings. This purified PKL-FLAG
protein was then analyzed by gel filtration chromatography. We observed that the PKL-
FLAG protein from purified extracts eluted with a profile that is indistinguishable from
PKL-FLAG protein from crude extracts (and thus also elutes with a peak that corresponds to
~650 KDa). We then collected and pooled fractions from the gel filtration column that
corresponded to lanes 22–26 of Figure 3A, ran the concentrated sample out on an SDS-
PAGE gel under denaturing conditions, and then used silver staining to examine the
abundance of proteins present in the sample (Figure 3B). Our control for this analysis is a
sample that was obtained from a wild-type plant that was treated in an identical fashion to
the sample obtained from the PKL-FLAG plant. This analysis does not reveal a protein in
the gel filtration fractions that is present in amounts that are stoichiometric to PKL and is
thus inconsistent with the hypothesis that the observed molecular weight of PKL using gel
filtration is a result of the incorporation of PKL into a multisubunit complex.

Our data thus suggest that PKL is the major (if not sole) protein that contributes to the peak
that elutes at a molecular weight corresponding to 650 KDa on the gel filtration column. The
predicted molecular weight of PKL is 158 KDa. These data are consistent with possibility
that PKL exists as a homo-multimer or that PKL exhibits an anomalously large Stokes’
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radius characteristic of proteins that adopt a highly elongated structure [58]. In order to
address these possibilities, we carried out a sucrose gradient sedimentation experiment with
crude extracts from WT plants. Determination of molecular weight by sucrose gradient
sedimentation exhibits a different dependence on the shape of a protein than determination
of molecular weight using gel filtration [58]. Western blot analysis of sucrose gradient
fractions with a polyclonal antibody to PKL revealed that PKL sediments with an apparent
molecular weight of 158 KDa (Figure 3C), which is the predicted MW of PKL. PKL
behaves in a similar fashion in this type of analysis whether the extract is prepared with a
buffer that contains 350 mM NaCl or with a buffer that contains only 150 mM NaCl (data
not shown). In addition, we undertook co-immunoprecipitation experiments in transgenic
lines that express both PKL-FLAG and PKL-STREP-HA to examine self-association of
PKL protein. This analysis indicates that PKL does not exist as a homo-multimer in planta
(Figure S3). Taken together, our data strongly suggest that PKL predominantly exists as a
monomer in plants and has an atypically large Stokes radius. Another chromatin-related
protein, the methyl-CpG binding protein MeCP2, has also been shown to exhibit an
unusually large Stokes radius and exhibits an apparent molecular mass of 400–500 KDa
even though its monomeric molecular weight is 53 KDa [59].

3.4. PKL is a nucleosome-stimulated ATPase
The ATP-dependent chromatin remodeling activity of animal CHD3-related proteins is well
established [6, 22]. If, as suggested by our phylogenetic analysis, PKL and PKL-related
proteins have a similar function to CHD3-related proteins, they should also exhibit ATP-
dependent chromatin remodeling activity. To test this hypothesis, we generated recombinant
C-terminal FLAG epitope-tagged PKL using the baculovirus expression system. Given that
transgenic pkl plants expressing an identical PKL-FLAG protein are rescued for all mutant
phenotypes, the addition of the FLAG epitope does not appear to affect the function of PKL
protein in vivo. Immunoaffinity purification of the baculovirus-generated recombinant PKL-
FLAG protein resulted in a single visible band on a Coomassie-stained gel (Figure 4A), and
this band was recognized by anti-FLAG antiserum in a western blot analysis (Figure 4B).
Importantly, the recombinant PKL-FLAG protein also elutes with a peak that corresponds to
~650 KDa when analyzed by gel filtration chromatography (Figure 3D). This result provides
strong additional evidence that the anomalous elution profile of the native PKL protein is
not due to association with other plant proteins and further indicates that the recombinant
protein exhibits a large Stokes radius in a similar fashion to the native protein.

We examined the ATPase activity of the purified recombinant PKL-FLAG protein in the
presence of DNA and mononucleosomes using a colorimetric assay [42]. Buffer was used as
a reference. We found that PKL exhibited modest ATPase activity that was increased more
than twofold by the presence of mononucleosomes and more than five-fold by addition of
150-bp of ssDNA (Figure 4C). In contrast, dsDNA had little if any effect on ATPase
activity. Thus as observed for animal CHD3 proteins [18, 26], nucleosomes simulate PKL
ATPase activity whereas free dsDNA has a negligible effect. Although the ability of ssDNA
to increase the ATPase activity of animal CHD3 proteins was not reported in these studies, it
has previously been demonstrated that ssDNA stimulates the ATPase activity of the SWI/
SNF-class yeast remodeler STH1 [60]. It is worth noting, however, that this study also found
that dsDNA and mononucleosomes were about as effective as ssDNA at increasing the
ATPase activity of STH1. Thus PKL ATPase activity is stimulated by a different spectrum
of substrates than that of STH1.

3.5. PKL interacts with free DNA and mononucleosomes
The ability of mononucleosomes to stimulate the ATPase activity of PKL suggests that PKL
can bind to mononucleosomes. Further, although the presence of dsDNA had a negligible
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effect on the ATPase activity (Figure 4), our sequence analysis suggested the presence of a
putative DNA-binding domain in PKL (Figure 2). We therefore used gel shift assays to
examine the ability of PKL to interact with DNA and/or mononucleosomes.

Our analyses indicated that PKL binds to either free DNA or mononucleosomes. Gel shift
assays were carried out in 50 mM NaCl using a 277-bp fluorescently end-labeled DNA
fragment containing either the 601 nucleosome positioning sequence alone [36] or the same
fragment incorporated into a mononucleosome generated using recombinant histones from
Xenopus laevis. A gel shift assay with free DNA and increasing amounts of PKL revealed
decreasing amounts of free DNA as the concentration of PKL increased (Figure 5A). At
higher concentrations of PKL, a slower migrating broadly smeared band appeared,
indicating that PKL associated non-specifically with multiple sites in the DNA. Similarly, a
gel shift assay with mononucleosomes and increasing amounts of PKL revealed decreasing
amounts of free mononucleosome as the concentration of PKL increased (Figure 5B).
Again, no distinct band appeared at higher concentrations of PKL but rather a smear near the
top of the gel, indicating the formation of more than one species of complex.

3.6. PKL is an ATP-dependent chromatin remodeler
The ability of PKL to interact with free DNA and mononucleosomes (Figure 5) and the
stimulation of PKL ATPase activity by mononucleosomes (Figure 4) suggested that PKL
could remodel chromatin in an ATP-dependent fashion. We first tested the hypothesis that
PKL exhibits ATP-dependent remodeling activity by examining the ability of PKL to
increase the restriction enzyme accessibility of DNA incorporated within a
mononucleosome [43, 61]. Mononucleosomes were reconstituted on a fluorescently end-
labeled 343-bp fragment of DNA containing the 601 nucleosome positioning sequence and a
unique HhaI site. The presence of PKL in a reaction containing these mononucleosomes and
HhaI greatly increased accessibility of the DNA to HhaI cleavage, and this increase was
dependent on the presence of ATP (Figure 6A). These reactions were all allowed to proceed
for 30 minutes. We performed a time course to examine the kinetics with which PKL altered
the access of HhaI to the nucleosomal DNA and observed a linear increase in digested DNA
over time (Figure 6B), suggesting that PKL continuously remodels the nucleosome during
this time.

We also examined the ability of PKL to remodel chromatin by using the ‘nucleosome
sliding’ assay [62, 63]. This assay examines the ability of a remodeler to reposition an
otherwise stably positioned nucleosome. The position of the nucleosome on the DNA is
determined by its migration on a native polyacrylamide gel; center-positioned nucleosomes
migrate slower than end-positioned nucleosomes. We incubated PKL with a fluorescently
end-labeled 277-bp fragment of DNA with nucleosomes positioned on the end or on the
center. We observed that PKL clearly remobilized end-positioned nucleosomes to a center
position in an ATP-dependent fashion (Figure 6C). In contrast, center-positioned
nucleosomes largely failed to be repositioned to the ends of DNA in the presence of PKL.
Thus PKL preferentially positions nucleosomes toward the center of DNA fragments, much
like animal CHD3 and CHD1 proteins [26, 64, 65].

4. Discussion
In Arabidopsis, PKL, like animal CHD3 remodelers, plays an important role in repression of
developmentally regulated genes. Initial characterization of PKL in Arabidopsis revealed
strong similarities to CHD3 proteins in animals. PKL exhibits considerable sequence
similarity to CHD3 remodelers and a similar organization of conserved domains of sequence
homology [15, 16]. Subsequent characterization of PKL, however, has revealed significant
differences from CHD3 remodelers. In particular, PKL promotes the repressive epigenetic
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mark H3K27me3 [29, 31] whereas animal CHD3 proteins promote deacetylation of histones
as components of the Mi-2/NuRD complex [18–21].

Although the biochemical properties of animal CHD3 proteins have been extensively
characterized, very little is known regarding the biochemical properties of PKL. These
studies are of particular interest because PKL appears to operate through a different
biochemical pathway than its animal CHD remodeler counterparts. Here we present
phylogenetic and biochemical analyses that provide greater insight into the relationship
between PKL remodelers in plants and CHD3 remodelers in animals.

4.1. Plants possess a repertoire of CHD remodelers that is distinct from that of animals
Previous phylogenetic analyses of CHD remodelers have focused on animal CHD proteins
and frequently focus on the presence or absence of various domains of sequence
conservation [5, 6, 66]. These analyses revealed the existence of three subfamilies of CHD
remodelers and placed CHD3-related proteins into subfamily II. We undertook an extensive
phylogenetic analysis that included both animal and plant CHD remodelers to gain insight
into the relationship between them (Figure 1). This analysis focused on the region of CHD
proteins that is common to the vast majority of this family of remodelers: from the N-
terminus of the first chromodomain to the C-terminus of the DNA-binding domain. There
are a number of observations that suggest our analysis was robust. Conserved sequence
motifs are consistently identified and aligned in our alignment in all domains contained
within this region (both chromodomains, ATPase domain, D domain, and also two domains
of unknown function DUF1086 and DUF1087). Further, the various clades identified by our
analysis predict the domain architecture of the full-length CHD remodelers grouped within
the clade (for example PKL-related proteins all have a PHD domain immediate adjacent to
the chromodomain whereas PKR1-related proteins all have a PHD domain that is located
closer to the N-terminus of the protein). In addition, the subfamilies of animal CHD
remodelers that were identified by previous analyses (I, II, and III) are also identified by our
analysis. Finally, our analyses provide new insight into the putative DNA-binding domain of
CHD3- and PKL-related proteins (discussed in more detail below).

Our phylogenetic analysis reveals that plants have three clades of CHD remodelers that can
be delineated by the CHD remodelers found in Arabidopsis: PKR3-related, PKL-related, and
PKR1-related remodelers (Figure 1). In agreement with previous comparative sequence
analyses, our phylogenetic analysis indicates that PKL-related proteins share a common
ancestor with CHD3-related proteins in animals and are members of subfamily II of CHD
remodelers. Our analysis further indicates that PKR3-related proteins in plants and CHD1-
related proteins in animals have a common ancestor and accordingly fall into subfamily I of
CHD remodelers. The third clade of plant CHD remodelers, PKR1-related proteins, also
share a common ancestor with CHD3-related proteins and thus also fall within subfamily II
of CHD remodelers with PKL-related proteins. Importantly, however, our phylogenetic
analysis indicates that PKR1-related proteins have diverged substantially from PKL-related
proteins, suggesting that they have evolved to undertake distinct chromatin remodeling roles
in plants. The distinct domain architecture of PKR1-related proteins and the absence of the
SANT domain in these remodelers are consistent with this possibility.

4.2. CHD remodelers in subfamilies I and II are likely to have similar DNA-binding domains
The structure of the DNA-binding domain of yeast CHD1 has been determined and contains
both a SANT and a SLIDE domain that both contribute to binding of DNA [48, 49].
Sequence conservation in animal CHD1-related remodelers from subfamily I strongly
suggests that this SANT-SLIDE module is also present in animal CHD1 proteins. Our
sequence alignment reveals that this SANT-SLIDE module is also likely to be present in
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PKR3-related proteins that are plant members of subfamily I (Figure 2A) in concordance
with sequence analysis presented in supplementary data by Ryan and colleagues [49].
Inclusion of PKL-related proteins in our phylogenetic analysis further reveals strong
sequence conservation in regions of both CHD3- and PKL-related proteins that correspond
to the SANT and SLIDE domains of yeast CHD1 (Figure 2A). This result differs from
previous sequence analyses, which did not suggest the presence of SANT or SLIDE
domains in animal CHD3-related proteins [48, 49]. The region of CHD3- and PKL-related
proteins that exhibits sequence similarity to the yeast CHD1 SANT domain was previously
annotated as a domain of unknown function, DUF1086. Thus our analysis strongly suggests
that DUF1086 is integral to the DNA binding domain of CHD remodelers in subfamily II
(Figure 2).

Homology modeling of the portion of PKL that corresponds to the yeast CHD1 DNA-
binding domain strongly suggests that PKL and CHD3 proteins adopt the same SANT-
SLIDE architecture found in yeast CHD1 (Figure 2B and 2C). Adjacent SANT and SLIDE
domains were first identified in ISWI chromatin remodelers [55], and both domains were
subsequently found to contribute to DNA binding by ISWI [67] and by yeast CHD1 [48,
49]. Both CHD1 and ISWI have the ability to position mononucleosomes in the center of
short DNA fragments and also to generate evenly spaced nucleosomal arrays [68, 69]. The
structural similarity of the DNA-binding domain of the two remodelers has been proposed to
contribute these shared activities. The predicted presence of the SANT-SLIDE module in
CHD3- and PKL-related proteins in combination with the ability of both to center
mononucleosomes on short DNA fragments [26, 65] (Figure 6C) is consistent with this
hypothesis. It is also worth noting that the SANT-SLIDE module has also been proposed to
play an important role in targeting of remodelers in vivo [70]. Our analyses thus raise the
possibility that a SANT-SLIDE module also contributes to targeting of CHD3 and PKL
remodelers.

We specifically selected PKL instead of an animal member of subfamily II for homology
modeling because it does not contain the long intervening stretch of amino acids between
regions that correspond to helices α6 and α7 of yeast CHD1 that is found in animal CHD3-
related proteins (Figure 2A). One notable difference in the generated model of PKL from the
determined structure of yeast CHD1 is the absence of an alpha helix that corresponds to α10
of yeast CHD1. As α10 contributes in a significant fashion to the ability of the DNA-
binding domain of yeast CHD1 to interact with DNA [48, 49], we propose that an analogous
helix exists in CHD3- and PKL-related proteins that is not identified based on primary
sequence conservation to yeast CHD1. In fact, a difference in primary sequence is to be
expected if the DNA-binding specificity is different between the two proteins. Analysis of
the predicted secondary structure of the C-termini of CHD3 and PKL indicates the existence
of amphipathic alpha helixes that could play an equivalent role to α10 in yeast CHD1, but
these predictions remain to be tested biochemically. In this regard, however, it is interesting
to note that both PKL (KKP, unpublished observations) and the yeast CHD1 DNA-binding
domain [48] can bind to a 12-bp fragment of dsDNA.

4.3. PKL exists as a monomer in planta
Our phylogenetic analysis reveals that PKL shares a common ancestor with animal CHD3
proteins. Animal CHD3-related proteins have been demonstrated to be components of Mi-2/
NuRD and several other multisubunit complexes [18–21, 27, 28, 32, 71]. The ability of
CHD3-related proteins to participate in multiple remodeling complexes that contribute in
markedly distinct fashions to transcription suggests that they function as remodeling engines
that can be harnessed in multiple manners to help determine transcriptional output. Given
that PKL promotes H3K27me3 in Arabidopsis [29, 31], we initially hypothesized that PKL
would associate with one or more PRC2 complexes or form a distinct complex with a
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histone methyltransferase to promote methylation of H3K27. Instead, our combined gel
filtration and sucrose sedimentation analyses strongly suggest that PKL predominantly
exists in monomeric form in planta (Figure 3). Thus despite the similarity of PKL to CHD3
proteins, our analyses do not provide support for the idea that PKL participates in one or
more multisubunit complexes. Thus in this regard, PKL behaves more like the Drosophila
CHD3 protein dCHD3, which also primarily exists as a monomer [72]. It is important to
note, however, that our results do not preclude the possibility that PKL may participate in
one or more multisubunit complexes that are not stable under the given isolation conditions
and/or are present in low abundance (e.g. because of tissue-specific accumulation).

4.4. Recombinant PKL exhibits ATP-dependent chromatin remodeling activity
We used the baculovirus expression system to generate PKL and characterized the
biochemical properties of this recombinant protein. Our biochemical analyses revealed that
PKL exhibits the hallmarks of an ATP-dependent chromatin remodeler, including the ability
to increase accessibility of a restriction enzyme to DNA incorporated in a mononucleosome
in an ATP-dependent fashion and the ability to reposition mononucleosomes on a short
fragment of DNA in an ATP-dependent fashion (Figure 6). Our analyses further revealed
that the biochemical properties of PKL are highly reminiscent of CHD3-related proteins
from animals. PKL binds to both dsDNA and mononucleosomes (Figure 5), but the ATPase
activity is stimulated only by mononucleosomes, not dsDNA (Figure 4). In addition, PKL
preferentially mobilizes end-positioned mononucleosomes to the center position of DNA
and largely fails to reposition center-positioned mononucleosomes (Figure 6C). Animal
CHD3 proteins behave similarly in these types of assays [26, 65]. Thus our biochemical
characterization of PKL supports the prediction from our phylogenetic analysis that PKL-
and CHD3-related remodelers share a common ancestor and are thus likely to exhibit similar
biochemical properties.

It is worth noting that in our nucleosome remobilization assays we observe PKL-dependent
production of additional minor products that are likely to correspond to alternatively
positioned nucleosomes (Figure 6C lanes 2–4,6–8). Thus although PKL preferentially
positions nucleosomes in the center of the DNA fragment in our assays, this does not appear
to be the exclusive product. In particular, we sometimes observe a band that migrates
slightly faster than the end-positioned nucleosome. This type of product has also been
observed in reactions containing the Drosophila CHD3 variant dCHD3 [72] and has been
hypothesized to represent a partially evicted histone octamer that has been positioned “over
the edge” of the DNA fragment.

Although these data highlight the similarity between CHD remodelers in animals and plants,
it is important to note that our analyses also underscore the reality that plants and animals
each have a distinct repertoire of chromatin remodeling factors. Although both plants and
animals have members of subfamily I and subfamily II of CHD remodelers, only animals
have members of subfamily III whereas only plants have members of subfamily IV. Among
the different chromatin constituents found in plants and animals are unique populations of
histone variants [4, 73–75]. Thus the chromatin substrate that PKL acts on in planta is
distinct from that used in our in vitro assay, which is derived from Xenopus histones. In this
regard, it may not be surprising that related CHD3 and PKL remodelers act in a similar
fashion on an analogous substrate. Previous characterization of another ATP-dependent
remodeler from plants, DDM1, reveals that it exhibits different activities than PKL [76],
demonstrating that different plant remodelers can exhibit distinct biochemical characteristics
when using animal chromatin. Nevertheless, the possibility remains that PKL may exhibit
different biochemical properties when assayed using chromatin substrates prepared using
plant histones.
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4.5. Role of PKL-related proteins in plants
Functional and transcriptome analysis of pkl plants indicates that PKL contributes to
repression of developmental identity genes via promoting the repressive epigenetic
modification H3K27me3 [29, 31]. ChIP analysis further reveals that PKL is associated with
H3K27me3-enriched genes, suggesting that PKL acts directly to promote H3K27me3 at
these loci [31]. Our biochemical data revealing that PKL primarily exists as a monomer in
planta is consistent with these and other data that indicate that PKL does not participate in
the plant equivalent of a Mi-2/NuRD complex, but do not suggest a mechanism by which
PKL contributes to H3K27me3. In this regard, ChIP also reveals that PKL is present at
ubiquitously expressed loci such as those coding for actin and ubiquitin that do not exhibit
PKL-dependent expression, suggesting that PKL may play a more general role in chromatin
structure in Arabidopsis [31]. Such a general role has recently been identified for animal
CHD3 remodeling proteins. The Drosophila CHD3 protein dMi-2 associates throughout the
genome as a component of the NuRD complex and is implicated in contributing to genome-
wide nucleosome positioning [77]. Further characterization of the biochemical activity of
PKL protein, particularly using chromatin templates derived from plant components, in
conjunction with genome-wide analysis of PKL targeting is likely to greatly clarify the
epigenetic pathway or pathways by which PKL contributes to chromatin architecture and
gene expression in plants.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

PHD plant homeodomain

PKL PICKLE

HDAC histone deacetylase

MBD2 methyl-CpG-binding domain protein 2

H3K27me3 trimethylation of lysine 27 histone H3

LEC LEAFY COTYLEDON

ACT7 ACTIN7

UBQ10 UBIQUITIN10

PKR PICKLE-RELATED

DUF domain of unknown function

ssDNA single-stranded DNA

dsDNA double-stranded DNA

WT wild type
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PRC2 Polycomb Repressive Complex 2
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Highlights

• PICKLE---related proteins share a common ancestor with CHD3 chromatin
remodelers.

• Homology modeling predicts that PICKLE has a SANT-SLIDE DNA-binding
domain.

• Unlike animal CHD3 proteins, PICKLE primarily exists as a monomer.

• Recombinant PICKLE is an ATPase that is stimulated by ssDNA and
mononucleosomes.

• Recombinant PICKLE exhibits ATP-dependent chromatin remodeling activity.
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Figure 1.
PKL shares a common ancestor with CHD3-related proteins in animals. The region of CHD
proteins spanning from the N-terminal chromodomain to the C-terminus of the D domain
were aligned using MAFFT and a phylogenetic tree was generated using neighbor joining.
The numbers beneath the branches indicate bootstrap values (percentage of 1000
replications). The Genbank accession number for the protein is listed to the right of the
name. CHD proteins were included from A. thaliana (at), B. distachyon (bd), C. elegans
(ce), D. melanogaster (dm), D. rerio (dr), H. sapiens (hs), P. patens (pp), P. trichocarpa (pt),
and S. moellendorffii (sm). CHD proteins from Arabidopsis are marked with asterisks.
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Figure 2.
PKL possesses a predicted DNA-binding domain that is similar to the DNA-binding domain
of S. cerevisiae CHD1. (A) Alignment of scCHD1 with corresponding regions of CHD
proteins from H. sapiens (hs), D. rerio (dr), A. thaliana (at), and the model grass species B.
distachyon (bd). Specific regions of scCHD1 are marked as described in Ryan et al. (2011):
SANT (blue), SLIDE (yellow), helical linker-1 (purple; HL1) and helical linker-2 (red;
HL2) and β-linker (orange; βL). The region of CHD3 proteins that corresponds to DUF1086
is also marked. The extent of conservation of conserved residues is indicated by shading,
and numbers in parentheses for CHD3 proteins indicate numbers of residues found in these
remodelers that are not included in the region of conservation. (B) A cartoon representation
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of the predicted crystal structure of the putative DNA-binding domain of PKL is shown in
two orientations. The domains are colored to reflect analogous domains indicated in
scCHD1 in (A). Accession numbers for proteins used are provided in Table S1.
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Figure 3.
PKL exists as a monomer in plants. (A) Western analysis was used to examine fractions
from a Superose 6 gel-filtration column. The westerns on top are from an extract of wild-
type plants whereas the bottom westerns are from an extract of PKL-FLAG plants. A
polyclonal antibody to PKL was used on the top blots, and an anti-FLAG antibody was used
on the bottom blots. The fraction number is indicated by the number above each lane, L =
total lysates, and MW standards for column (top) and western (left side) are indicated. PKL
has been previously noted to migrate on an SDS-PAGE gel at a MW that is larger than
predicted [17]. (B) Total protein from WT and PKL-FLAG plants was first passed over an
anti-FLAG affinity resin and then subsequently fractionated on a sizing column as described
in panel A. Fractions corresponding to lanes 22–26 of panel A were then separated on an
SDS-PAGE gel and analyzed by silver staining. The arrow to right of the gel indicates PKL-
FLAG protein. (C) Western analysis of fractions from a sucrose gradient using polyclonal
anti-PKL antibodies. Crude cell extracts were prepared in buffer containing 350 mM NaCl.
MW standards for the gradient (top) and western (left side) are indicated. (D) Recombinant
PKL-FLAG protein elutes with a peak of about 650 KDa. Western analysis was used to
examine fractions from a Superose 6 gel-filtration column. The fraction number is indicated
by the number above each lane, L = total lysates, and MW standards for column (top) and
western (left side) are indicated. The migration of the 440 kDa marker is in lanes 27–28 (not
included on this blot).
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Figure 4.
Recombinant PKL-FLAG is a nucleosome-stimulated ATPase. (A) Extract from infected S2
cells was treated with anti-FLAG M2 affinity resin and applied to SDS-PAGE and stained
with Coomassie Blue. The left lane is the unbound fraction and the right lane is purified
PKL-FLAG. (B) Purified PKL-FLAG was analyzed by western blotting using an a-FLAG
antibody. (C) Recombinant PKL-FLAG was incubated with ATP in the presence or absence
of dsDNA, mononucleosomes, or ssDNA (indicated on x-axis). Hydrolysis of ATP was
measured using a colorimetric assay and buffer alone was used as a reference for each
sample. MW standards for panels A and B are indicated to right. Error bars in panel C
represent SE calculated from 3 replicates.
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Figure 5.
Recombinant PKL-FLAG binds to free DNA and mononucleosomes. (A) Recombinant PKL
(44–275 ng) was incubated with 10 ng of 277-bp DNA end-labeled with Alex Fluor 647 and
the mixture was analyzed by electrophoresis on a 2% agarose gel. (B) Recombinant PKL
(44–275 ng) was incubated with 20 ng of mononucleosomes containing the same end-
labeled 277-bp DNA fragment as in panel A and then analyzed by electrophoresis on a 4%
PAGE gel.

Ho et al. Page 25

Biochim Biophys Acta. Author manuscript; available in PMC 2014 February 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 6.
PKL is a chromatin remodeling factor. (A) Recombinant PKL increases the accessibility of
DNA in mononucleosomes to restriction enzyme HhaI in an ATP-dependent fashion. The
top of the panel depicts a PAGE/agarose gel analysis of 277-bp DNA fragment incorporated
within a mononucleosome that was incubated with the components indicated underneath.
Position of uncut and cut DNA is indicated to right of panel. (B) Time course of cleavage of
DNA in mononucleosome by HhaI in absence and presence of PKL. The graph depicts
quantification of cut DNA. (C) Recombinant PKL increases the mobility of positioned
mononucleosomes in an ATP-dependent fashion. Recombinant PKL was incubated with
end-positioned (lanes 1–4) or center-positioned (lanes 5–8) mononucleosomes in the
absence (lanes 1 and 5) or presence of ATP, which were then separated by native gel
electrophoresis. The positions of center-positioned and end-positioned nucleosomes are
indicated on the sides of the graph.
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