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NUCLEOSOME ASSEMBLY PROTEIN1 (NAP1) defines an evolutionarily conserved family of histone chaperones and loss of
function of the Arabidopsis thaliana NAP1 family genes NAP1-RELATED PROTEIN1 (NRP1) and NRP2 causes abnormal root
hair formation. Yet, the underlying molecular mechanisms remain unclear. Here, we show that NRP1 interacts with the
transcription factor WEREWOLF (WER) in vitro and in vivo and enriches at the GLABRA2 (GL2) promoter in a WER-dependent
manner. Crystallographic analysis indicates that NRP1 forms a dimer via its N-terminal a-helix. Mutants of NRP1 that either
disrupt the a-helix dimerization or remove the C-terminal acidic tail, impair its binding to histones and WER and
concomitantly lead to failure to activate GL2 transcription and to rescue the nrp1-1 nrp2-1 mutant phenotype. Our results
further demonstrate that WER-dependent enrichment of NRP1 at the GL2 promoter is involved in local histone eviction and
nucleosome loss in vivo. Biochemical competition assays imply that the association between NRP1 and histones may
counteract the inhibitory effect of histones on the WER-DNA interaction. Collectively, our study provides important insight
into the molecular mechanisms by which histone chaperones are recruited to target chromatin via interaction with a gene-
specific transcription factor to moderate chromatin structure for proper root hair development.

INTRODUCTION

Eukaryotic chromatin is a hierarchically packaged superstructure
that ishighlydynamic in response tovaryingcellular requirements.
The basic structural and functional unit of chromatin is the nu-
cleosome, which consists of 145 to 147 bp of DNA wrapped
around a globular histone octamer in roughly 1.65 turns. The
octamer is composed of the central (H3-H4)2 tetramer and two
flanking H2A/H2B dimers, each with distinct sites of interaction
with thewrappingDNA (Luger et al., 2012).Nucleosomeassembly
establishes the chromatin structure and ensures DNA stability,
while nucleosome disassembly releases the DNA template from
histones, allowing for diverse metabolic processes such as rep-
lication, transcription, and repair. During nucleosome assembly
and disassembly, histone chaperones, a large family of proteins

with histone binding activity, function to prevent spontaneous
aggregationbetweenoppositelychargedhistonesandDNAunder
physiological conditions. Based on their affinities for different
histones,members of this large family are classifiedas eitherH2A/
H2B or H3/H4 histone chaperones (De Koning et al., 2007;
Avvakumov et al., 2011; Zhu et al., 2013; Zhou et al., 2015).
NUCLEOSOME ASSEMBLY PROTEIN1 (NAP1) was originally

isolated from eggs of Xenopus laevis. This important H2A/H2B
histone chaperone was shown to facilitate nucleosome assembly
in vitro (Laskey et al., 1978). Later, NAP1 was found to associate
with H2A/H2B and facilitate nucleosome disassembly in co-
ordination with other chromatin factors (Levchenko and Jackson,
2004; Lorch et al., 2006). The Arabidopsis thaliana genome
encodes fourNAP1homologs,NAP1;1 toNAP1;4 (Liuet al., 2009),
and two NAP1-RELATED PROTEIN (NRP) members, NRP1 and
NRP2 (Zhu et al., 2006). Arabidopsis NAP1 and NRP share con-
served protein domains (Zhou et al., 2015) and are both required
for somatic homologous recombination, the predominant path-
way for repair ofDNAdouble-strandbreaks (Gaoet al., 2012; Zhou
et al., 2016). However, loss-of-function mutants of NAP1s and
NRPs displayed different phenotypes during plant development
(Zhu et al., 2006; Liu et al., 2009). For example, the double mutant
defective in both NRP1 and NRP2 (nrp1-1 nrp2-1) showed ab-
normal phenotypes including short roots and ectopic root hairs
(Zhu et al., 2006). The nrp1-1 nrp2-1 double mutant also showed
decreased expression levels of GLABRA2 (GL2), which encodes
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a homeodomain-leucine zipper transcription factor that plays key
roles in root hair patterning (Zhu et al., 2006). In contrast, the
mutant with the deletion of threeNAP1 homologs showed normal
root hairs and aGL2 expression level similar to that in thewild type
(Liu et al., 2009). Thus, further research is required todetermine the
specific role of NRPs in root hair patterning, as well as to char-
acterize their underlying mechanisms.

Root hairs, which develop from epidermal cells, are im-
portant for plant anchorage, microbial interactions, and nutrient
acquisition (Hofer, 1991; Grierson et al., 2014). In Arabidopsis, the
epidermal cells are longitudinally arranged along the root and dif-
ferentiate intohairornon-haircells inaposition-dependentmanner.
The cells locatedoutside an anticlinal cortical cell wall (H-position)
develop into hair cells (H-cells), while those located outside
a periclinal cortical cell wall (N-position) develop into non-hair
cells (N-cells). Two membrane-localized receptor-like pro-
tein kinases, SCRAMBLED (SCM) and BRASSINOSTEROID
INSENSITIVE1, function in the signal transduction of position
information from different cortex cells to ensure the acqui-
sition of proper epidermal cell fates (Kwak et al., 2005; Kwak
and Schiefelbein, 2007; Kuppusamy et al., 2009).

In addition, transcription factor networks and phytohormone
signaling pathways play important roles in the specification and
formation of cells in the root epidermis (reviewed inGrierson et al.,
2014). Specifically, GL2 is the central regulator of epidermal cell
fate determination and inhibits hair formation in N-cells. GL2
expression is regulated by a transcription factor complex that
consists of an R2R3-type MYB-domain transcription factor
WEREWOLF (WER), one of two redundant basic helix-loop-helix
(bHLH) transcription factors (GL3 and ENHANCER OF GL3
[EGL3]), and the WD40-repeat transcription factor TRANS-
PARENT TESTA GLABRA1 (TTG1) (reviewed in Grierson et al.,
2014). WER is specifically expressed in N-position cells, and the
WER-containing transcription factorcomplexdirectlybinds toand
activatesGL2, anotherR2R3-typeMYBgene,MYB23, and theR3-
typeMYBgeneCAPRICE (CPC). TheMYB23protein alsobinds to
its own promoter, forming a positive feedback loop (Kang et al.,
2009). Intriguingly, although the CPC protein is expressed in
N-position cells, it moves to neighboring H-position cells to re-
press GL2 expression, thus allowing the corresponding cells to
acquire the H-cell fate (Kurata et al., 2005). Notably, the CPC
protein negatively regulates the expression of theCPC gene, thus
forming a negative feedback loop (Lee and Schiefelbein, 2002).
Conversely, although GL3 and EGL3 proteins are expressed in
H-position cells, they move to adjacent N-position cells to de-
termine theirN-cell fate (Bernhardt et al., 2005;Chenget al., 2014).
The activity of the MYB-bHLH-WD40-repeat transcription factor
complex can be modulated by other factors via protein-protein
interactions. For example, BRASSINOSTEROID INSENSITIVE2,
a brassinosteroid-relevant GSK3-like kinase, can phosphorylate
EGL3 and TTG1 to suppress the activity of the WER-GL3/EGL3-
TTG1 complex in N-position cells (Cheng et al., 2014). GL2-EX-
PRESSION MODULATOR (GEM) is another factor that interacts
with TTG1 and negatively modulatesGL2 expression (Caro et al.,
2007). Recently, theGL2proteinwasshown todirectly bind to and
suppress the expression of five bHLH transcription factor genes,
includingROOTHAIRDEFECTIVE6 (RHD6) (Lin et al., 2015), a key

factor involved in root hair formation mediated by the phyto-
hormones auxin and ethylene (Masucci and Schiefelbein, 1994).
Root hair patterning and formation also show plasticity in their

responses to environmental signals. The fates of root epidermis
cells canbe regulatedbysalt stress (Wangetal., 2008), phosphorus
or iron availability (Zhang et al., 2003; Müller and Schmidt, 2004),
and nanoparticle exposure (García-Sánchez et al., 2015). In many
cases, a change in root hair fate canbe reversible,which represents
a coordinatedstrategy for environmental adaptation and implicates
the involvement of epigenetic regulation. Notably,GEMwas shown
to play a role in regulating histone H3 acetylation and H3K9
methylation inchromatinat theGL2andCPC loci (Caroetal., 2007).
Two members of the histone deacetylase family, HISTONE DE-
ACETYLASE18 (HDA18) and HDA6, affect epidermal cell fate by
modulating the transcript levels of GL2-centered network genes
through changing their local histone acetylation status (Liu et al.,
2013; Li et al., 2015). Three-dimensional fluorescence in situ hy-
bridization analyses revealed that the chromatin at theGL2 locus is
inanopenstate inN-positioncellsbut inaclosedstate inH-position
cells (Costa and Shaw, 2006). Intriguingly, the chromatin state of
theGL2genewas found to reset atmitosis and respecify during the
following G1 phase (Costa and Shaw, 2006). Understanding the
molecular mechanisms underlying changes in chromatin state at
the GL2 locus is of great importance.
In this study,we report that thehistonechaperoneNRP1directly

interacts with the WER transcription factor to fully activate the
expression of GL2 through mediating histone eviction and nu-
cleosome disassembly. Our results represent an important link
between a cell type-specific transcription factor and a histone
chaperone for epigenetic regulation of cell fate determination in
the root epidermis of Arabidopsis.

RESULTS

NRPs Are Required for Full GL2 Expression

In our previous study, we reported the downregulation ofGL2 and
the ectopic root hair phenotype in the nrp1-1 nrp2-1doublemutant
(Zhu et al., 2006). Here, using quantitative RT-PCR, we confirmed
thatGL2wasdownregulatedby;2-fold in the rootsofnrp1-1nrp2-1
at 12 d after germination (DAG). Meanwhile, the transcript levels of
GL2 upstream regulators such asWER, CPC, TTG1, GL3, EGL3,
andMYB23,whichencode themembersof theMYB-bHLH-WD40
complex, and those of other regulators such as GEM and SCM,
were unchanged (Figure 1A). To further determine the GL2 ex-
pression at the cellular level, we introduced the GUS expression
reporterpGL2:GUS (Szymanski et al., 1998) into thenrp1-1nrp2-1
double mutant plants. Consistent with the quantitative RT-PCR
analysis,GUSstainingwasobviouslyweaker inN-position cells of
nrp1-1nrp2-1 than in thoseof thewild type (Figures 1Band1C), but
the spatial expression patterns of GL2 were largely similar in both
types of plants (Figures 1B and 1C).
Next, we examined the recovery of GL2 transcript levels after

short-term expression of exogenous estradiol-induced YFP-NRP1
(ES:YFP-NRP1),whichcancompletelyrescuethephenotypesofnrp1-1
nrp2-1 mutant plants (Zhu et al., 2006). Upon estradiol induction, the
transcript level of NRP1 rose quickly and reached a plateau after 6 h
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(Figure 1D). Meanwhile, the transcript level ofGL2 quickly increased
and eventually stabilized at about twice the preinduction level after
4 h, similar to the expression level ofGL2 in thewild type (Figure 1E).
The induction timeobservedherewas far shorter than thedurationof
thecell cycleandDNA replication inArabidopsis root cells (17h in the
meristematic zone and 30 h in the elongation zone) (Hayashi et al.,
2013), suggesting that NRP1-mediated GL2 activation precedes
cellular division/differentiation in root hair determinacy. As a control,
TTG1, whose expression was unaffected in nrp1-1 nrp2-1, showed
little change in its expression level during the estradiol induction
(Figure1E). ExaminationofNRP1,TTG1, andGL2expression inwild-
type plants revealed that estradiol has no detectable side effect
(SupplementalFigure1),which is inagreementwith theoriginal report
establishing the ES-inducible system in plants (Zuo et al., 2000).

Collectively, our results indicate that GL2 transcription can
rapidly respond to NRP1 expression. Although NRP1 was dra-
matically overexpressed under the estradiol-inducing system, its
overload did not lead to GL2 overexpression. This latter obser-
vation suggests that NRPs are necessary but not rate-limiting to
activate GL2 expression.

NRPs Act Upstream of Ethylene/RHD6 and in Conjunction
with WER-Containing Complex to Regulate Root
Hair Development

In order to better understand NRPs function in root hair de-
velopment, we testedwhether NRPs affect the ethylene and auxin
pathways, both of which are important for root hair formation.

Figure 1. NRPs Are Required for Full Expression of GL2.

(A)Relative expression levels of root hair-related genes in nrp1-1 nrp2-1 doublemutant. Roots of thewild type and nrp1-1 nrp2-1were collected at 12DAG
for RNA isolation and quantitative RT-PCR. Values are normalized to ACTIN2. Error bars show SD from three biological replicates. Mean values of relative
gene expression levels in nrp1-1 nrp2-1 compared with that in the wild type (set as 1) are shown with error bars. Asterisk indicates statistically significant
difference (P < 0.01).
(B) Expression patterns of GL2:GUS reporter in root tips of the wild type (WT) and nrp1-1 nrp2-1 double mutant. Bar = 50 mm.
(C) Transverse sections were prepared with the root tips of the wild type and nrp1-1 nrp2-1 harboring reporter GL2:GUS. Bars = 20 mm.
(D) Time course ofNRP1 induction. Gene expression in wild-type and transgenic plants harboring ES:YFP-NRP1 in nrp1-1 nrp2-1 background at 12 DAG
was inducedby4mMestradiol.Rootswerecollectedat the indicated times forRNA isolationandquantitativeRT-PCRexamination.Valuesarenormalized to
ACTIN2. Error bars show SD from three biological replicates. Mean values of relativeNRP1 expression levels in transgenic plants compared with that in the
wild type (set to 1) are shown with error bars.
(E) Time course of relative changes inGL2 and TTG1 transcript levels, determined using the sameRNA as that used in (D). Mean values of relativeGL2 and
TTG1 expression levels in induced transgenic plants compared with those in uninduced ones (set to 1) are shown with error bars.
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Treatment with an ethylene synthesis inhibitor, amino-
ethoxyvinylglycine (AVG), inhibitednearly all the root hairs ofnrp1-1
nrp2-1, similar to those of the wild type (Figures 2A and 2B),
indicating that the ethylene pathway acts downstream of NRP
activity. TheGFP reporter driven by the auxin responsepromoter
DR5 (DR5:GFP), which monitors auxin distribution (Ottenschläger
et al., 2003), showed that the auxin distribution patterns were
similar between nrp1-1 nrp2-1 and the wild type (Supplemental
Figure 2). A mutation in RHD6, which is associated with the
ethylene and auxin pathways, converted the ectopic root hair
phenotype of nrp1-1 nrp2-1 into the hairless state (Figure 2C).
Transcripts of ethylene/auxin-related genes (Masucci and
Schiefelbein, 1996) and RHD6 remained at nearly wild-type levels
in nrp1-1 nrp2-1 (Supplemental Figure 3). These molecular and
genetic analyses indicated that ethylene/RHD6 pathways act
downstream of NRPs in root hair formation.

The WER-GL3/EGL3-TTG1 transcription factor complex is
known to directly activate GL2 expression in N-cells, while re-
placement ofWERbyCPC in the complex inhibitsGL2expression
in H-cells (Grierson et al., 2014). Because NRP1 also functions as
an activator of GL2, we wondered whether NRP1 acts in con-
junction with theWER-containing complex.We then introgressed
the wer-1 mutant into nrp1-1 nrp2-1. The wer-1 nrp1-1 nrp2-1
triple mutant plants displayed a hairy root phenotype, which was
overall similar to the wer-1 single mutant (Lee and Schiefelbein,
1999) but more severe than the nrp1-1 nrp2-1 double mutant
(Figure 2D), suggesting that NRPs may act to regulate root hair in
a WER-dependent genetic pathway. The nrp1-1 nrp2-1 double
mutant has fewer root hairs than the wer-1 nrp1-1 nrp2-1 triple

mutant, suggesting other redundant chromatin factors could be
involved in the regulation of root hair development.
To verify the roles of NRPs in cell specification of the root

epidermis, hair cells (H-cells) and non-hair cells (N-cells) were
quantified as previously reported (Simon et al., 2007) for different
genotypes and treatment conditions tested in our study (Table 1).
We found that there were more H-cells in the untreated nrp1-1
nrp2-1, wer-1, and wer-1 nrp1-1 nrp2-1 mutants, which is con-
sistent with the hairy phenotype of these mutants. Together, our
results suggest that NRPs act in conjunction with WER, a key
activator ofGL2, in cell fatedeterminationofhair cells andnon-hair
cells.

NRP1 Is Recruited to the GL2 Promoter in a
WER-Dependent Manner

Previously, we reported that NRP1 directly binds to the chromatin
of the GL2 locus (Zhu et al., 2006). Another study showed that
a 2.1-kb DNA fragment of the GL2 promoter was able to func-
tionally control GL2 transcription (Szymanski et al., 1998). To
investigate in detail the occupancy of NRP1 atGL2, we designed
seven primer pairs within the 2.1-kb promoter segment (P1 to P7)
and threeprimerpairsdownstream from the transcription initiation
site (T1 to T3) for chromatin immunoprecipitation (ChIP)-PCR
analyses (Figure 3A). Transgenic plants harboring ES:YFP-NRP1
in thenrp1-1 nrp2-1background (Zhuet al., 2006)were used in the
ChIP assay, andwe found that YFP-NRP1was clearly enriched at
the regions fromP1 to P4, which are close to theWERbinding site
(WBS; Song et al., 2011) of theGL2 promoter (Figures 3A and 3B).
To investigate whether the enrichment of NRP1 at the GL2 pro-
moter was dependent on WER, we analyzed YFP-NRP1 binding
activity in the wer-1 mutant background. Interestingly, the en-
richmentofYFP-NRP1 in theP1-to-P4 regionsofGL2significantly
decreased in the wer-1 background (Figure 3B), indicating that
NRP1 binds to the GL2 promoter in a WER-dependent manner.
The other examined regions of GL2 as well as the ACT2 and FLC
genes, used as controls, did not showany significant difference of
YFP-NRP1 binding between thewild type andwer-1 (Figure 3). To
further evaluate the specific enrichment of NRP1 at the GL2
promoter, we also examinedNAP1;3, amajor isoformof theNAP1
family proteins in Arabidopsis (Liu et al., 2009). In contrast to YFP-
NRP1, no obvious enrichment of YFP-NAP1;3 was observed at
the examined regions of GL2 (Supplemental Figure 4), which is
consistent with the normal root hair pattern andGL2 transcription
level in the loss-of-function nap1 mutant (Liu et al., 2009).

NRP1 Physically Interacts with WER

Because both WER and NRP1 act as activators of GL2 and they
share overlapping binding regions in the GL2 promoter, we
wondered whether NRP1 could physically interact with WER. To
test this,wepurifiedGST-WER recombinant protein andused it as
thebait in apull-downassay.We found thatYFP-NRP1expressed
in the transgenic plants was specifically retained by GST-WER
beads, but not by GST beads (Figure 4A). We further verified the
interaction between WER and NRP1 via a bimolecular fluores-
cence complementation (BiFC) assay, in which Yn and Yc, the
complementary moieties of YFP, were fused to NRP1 and WER,

Figure 2. NRPs Act Upstream of Ethylene/RHD6 Pathways and in Con-
junction with WER-Containing Transcription Factor Complex.

The wild type (WT) and nrp1-1 nrp2-1 were vertically cultured in normal
culture medium (A) and medium containing 25 mM AVG (B), respectively.
Mutants of rhd6 (C) andwer-1 (D)were introgressed into nrp1-1 nrp2-1 to
obtain rhd6 nrp1-1 nrp2-1 and wer-1 nrp1-1 nrp2-1 triple mutants, re-
spectively. Plants were grown vertically in normal culture medium. Images
were taken at 12 DAG. Bars = 0.5 mm.
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respectively. The YFP signal was detected only in tobacco leaf
cells coexpressing NRP1 and WER fusion proteins but not in the
negative controls (Figure 4B).Next, we expressed and purified the
full-length recombinant NRP1 and WER without tags from Es-
cherichia coli (Supplemental Figure 5) and analyzed their in-
teraction by size exclusion chromatography (SEC). The elution
volume (Ve) of the WER protein was 15.6 mL (Figure 4C), which
corresponds to the estimated size of WER. The Ve of NRP1 was
11.5 mL (Figure 4C), which is far away from the estimated size of
amonomer but closer to the estimated size of a dimer of theNRP1
protein. The difference between the effective Ve value (11.5 mL)
and the estimated Ve of 15 mL for a dimer of NRP1 suggests that
the NRP1 dimer is not folded in a globular conformation. In-
terestingly, when NRP1 and WER were mixed at a molar ratio of
1:1, the Ve shifted to a single peak at 10.6 mL (Figure 4C), which
indicates that NRP1 can form a stable complex with WER at a 1:1
molar ratio. When NRP1 and WER were mixed at a molar ratio of
1:2, the complex also eluted at a constant Ve at 10.6 mL and an
additional peakcorresponding toexcessiveWERwasobservedat
15.6 mL (Supplemental Figure 6). These SEC analyses revealed
that NRP1 andWER can directly interact in vitro and form a stable
protein complex at 1:1 molar ratio. Collectively, our results
demonstrate that the histone chaperone NRP1 directly interacts
withWER in vitro and in vivo, providingmolecular evidence for the
WER-dependent recruitment of NRP1 to the GL2 promoter.

Crystal Structure of NRP1 Reveals That It Dimerizes via Its
N-Terminal a-Helix

Togivemore insight intomolecularbasisofNRP1dimer formation,
we determined the crystal structure of NRP1. Using the multi-
wavelength anomalous diffraction method, we determined the
crystal structure of NRP1 using a truncated version of the protein
(amino acids 19–225) lacking both N and C termini and with two
L-to-M mutations (L20M and L220M) for selenium-methionine
(Se-Met) labeling (Supplemental Table1).We found that twoNRP1
molecules form a dimer via hydrophobic interactions between the
twoantiparallel N-terminal longa-helices (19–77aminoacids) and
that an earmuff domain is attached to each end of the a-helix

(Figures5Aand5B;PDBcode5DAY). Theearmuff domaincontains
six a-helices, four-stranded antiparallel b-sheets, and disordered
fragments between b4/a5 (163–184 amino acids) and a5/a6 (192–
203 amino acids) (dashed lines in Figure 5C). Protein sequence
alignment revealed thatNRP1andNRP2aremore similar to human
TEMPLATE-ACTIVATING FACTOR-Ib (HsTAF-Ib) (41% identity)
than to yeast VACUOLAR PROTEIN SORTING75 (ScVPS75) (22%
identity) and yeast NAP1 (ScNAP1) (16% identity). Different from
NRP1 and NRP2, Arabidopsis NAP1;1 (21% identity) and yeast
NAP1 (Park and Luger, 2006) contain an extra accessory domain
between the dimerization domain and the earmuff domain
(SupplementalFigure7).Consistentwith this, theoverallstructureof
NRP1showedhighersimilarity to thatofHsTAF-Ib (PDBcode2E50;
Mutoetal.,2007)with root-mean-squarederivation (r.m.s.d.)of2.40
Å over 285 amino acids than to those of ScNAP1 (PDB code 2AYU;
Park and Luger, 2006) with r.m.s.d. of 7.34 Å over 254 amino acids
and ScVPS75 (PDB code 3DM7; Tang et al., 2008) with r.m.s.d. of
6.76Åover268aminoacids (SupplementalFigure8).Notably,when
superimposing earmuff domains, the N-terminal long a-helix
backbones of these four proteins showed distinct directions
(Supplemental Figure 8). Furthermore, the ScNAP1 backbone helix
showed a sigmoid shape in the top view (Park and Luger, 2006),
whereas that of NRP1 was nearly straight (Supplemental Figure 8).
The structure also provides insight about the potential histone

binding sites. A previous study showed that mutations of N (S162A/
K164A/D165A), O (T191A/T194A/D195A), or P (D202A/E203A/
E206A) on the surface of HsTAF-Ib decreased its histone binding
activity (Mutoet al., 2007).Basedon thecomparisonof sequenceand
structurewithHsTAF-Ib,wefoundthattheaminoacidswithintheN,O,
and P mutations are mostly conserved in NRP1, with seven of them
clearlyvisualizedontheNRP1crystalstructure (SupplementalFigures
7 and 9). We marked these seven amino acids (E161, T188, T191,
D192, D205, E206, andD209) on theNRP1structure, corresponding,
respectively, to S162, T191, T194, D195, D202, E203, and E206 of
HsTAF-Ib, to show the putative interaction surface for histones
binding (Supplemental Figure 9). Together, the structure analysis in-
dicates that NRP1 forms a dimer and that the conserved negatively
charged surface is consistent with its histone binding activity.

Table 1. Cell-Type Specification in the Root Epidermis

H-Position N-Position

H-Cells (%) N-Cells (%) H-Cells (%) N-Cells (%)

Wild type 97.5 6 1.5 2.5 6 1.5 1.8 6 1.1 98.2 6 1.1
nrp1-1 nrp2-1 96.9 6 1.8 3.1 6 1.8 42.0 6 9.8 58.0 6 9.8
nrp1-1 nrp2-1 (ES:YFP-NRP1) 96.8 6 1.2 3.2 6 1.2 2.5 6 1.4 97.5 6 1.4
nrp1-1 nrp2-1 (ES:YFP-NRP1-mN ) 97.7 6 2.2 2.3 6 2.2 44.3 6 6.2 55.7 6 6.2
nrp1-1 nrp2-1 (ES:YFP-NRP1-DC ) 95.8 6 2.8 4.2 6 2.8 43.2 6 7.7 56.8 6 7.7
Wild type (AVG treated) 1.4 6 1.2 98.6 6 1.2 0.9 6 0.7 99.1 6 0.7
nrp1-1 nrp2-1 (AVG treated) 1.9 6 1.5 98.1 6 1.5 1.3 6 1.1 98.7 6 1.1
rhd6 2.2 6 2.2 97.8 6 2.2 1.9 6 0.9 98.1 6 0.9
rhd6 nrp1-1 nrp2-1 2.7 6 1.3 97.3 6 1.3 2.4 6 1.0 97.6 6 1.0
wer-1 95.6 6 3.3 4.4 6 3.3 94.4 6 2.5 5.6 6 2.5
wer-1 nrp1-1 nrp2-1 97.2 6 2.9 2.8 6 2.9 95.6 6 1.8 4.4 6 1.8

Values indicate the mean6 SD of at least three independent experiments. In each experiment, the percentage of H- or N-cells is determined from at least
10 roots for each sample.
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Disruption of Dimerization or Acidic C Terminus of NRP1
Diminishes Its Interaction with Histones and with WER

The crystal structure of NRP1 revealed an essential role of the
N-terminal longa-helix forNRP1proteindimerization. For further
verification, we mutated the first three hydrophobic amino acids
(Ile-31, Leu-34, and Ile-37) within the N-terminal a-helix of NRP1
to the hydrophilic residue Ser. This mutant was designated
NRP1-mutated N-terminus (NRP1-mN) (Figure 6A). The effect of
the mutation was first examined in a glutaraldehyde-mediated
coupling assay because glutaraldehyde can cause intermo-
lecular cross-linking. Treatment with glutaraldehyde resulted in
dimerization of NRP1, and the dimer was detected in the de-
naturing gel electrophoresis analysis (Figure 6B). In contrast,
NRP1-mN totally lost the ability to dimerize and displayed
a distinct pattern in the electrophoresis analysis due to intra-
molecular cross-linking (Figure 6B), indicating that the long
a-helix is critical for NRP1 dimerization.

The C terminus of NRP1 (226–256 amino acids) is flexible and
highly enriched with acidic residues (Asp and Glu), which ex-
plains why we were unable to obtain crystals of NRP1 with the
acidic C terminus. To analyze its function, we constructed
a truncatedmutant lacking the acidic C terminus (amino acids 1–
225, designated NRP1-DC). The dimeric form of NRP1-DC was
observed in the presence of glutaraldehyde (Figure 6B), in-
dicating that the C-terminal acidic tail is not required for the
dimerization of NRP1.

Although the recombinant NRP1, NRP1-mN, and NRP1-DC
proteins were stable (Supplemental Figure 5), we further checked
their secondary structure by circular dichroism spectroscopy.We
found thatNRP1,NRP1-mN,andNRP1-DCdisplaysimilar circular

Figure 3. Enrichment of NRP1 at GL2 Promoter Is Dependent on WER.

(A) Schematic representation of structures of GL2 promoter and first two
exon/introns. Black boxes represent exons, white box represents the
untranscribed region, lines represent promoter and introns. Number-
labeled bars (P1–P7 and T1–T3) represent regions amplified by primer
pairs corresponding to numbers on xaxis of graphbelow. TheHindIII site
represents start of GL2 functional promoter and WBS indicates the
location of the WER binding sites.
(B)EnrichmentofYFP-NRP1at theGL2promoter.Rootsofplantsvertically
grown and collected at 12 DAG were fixed with formaldehyde for ChIP
analysis using polyclonal anti-GFP antibody. Error bars show SD from three
biological replicates. Asterisks indicate statistically significantdifferenceof
YFP-NRP1 enrichment atGL2, FLC, and ACTIN2 (ACT2) between the wild
type and wer-1 (P < 0.05).

Figure 4. NRP1 Directly Interacts with Transcription Factor WER in Vitro
and in Vivo.

(A) Pull-down assay. Protein extracts from transgenic plants expressing
YFP-NRP1 were incubated with beads coated with GST and GST-WER.
Quantity/purity ofGSTandGST-WERbeadswere analyzed bySDS-PAGE
gel stained by Coomassie blue (CBB) (left panel). Two percent of the input
and pull-down fractions were analyzed by immunoblot using polyclonal
anti-GFP antibody (indicated by the arrowhead, right panel).
(B) BiFC analysis of interaction between NRP1 and WER in tobacco leaf
cells. Bars = 50 mm.
(C) SEC profiles (Superdex 200 10/300 GL) of NRP1 (blue) and WER (red),
as well as their mixture at a molar ratio of 1:1 (black).
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dichroism spectra, indicating that the mutation/deletion probably
did not affect the secondary structure of NRP1 (Supplemental
Figure 10).

In yeast, one NAP1 dimer can bind one (H2A/H2B)2 unconven-
tional tetramer, so the stoichiometric ratio of theNAP1monomer to
H2A/H2B dimer is 1:1 (D’Arcy et al. 2013). Our SEC assay showed
that the mixture of NRP1 and the H2A/H2B dimer at 1:1 molar ratio
was eluted in a single symmetric peak of Ve at 10.5 mL (Figure 6C,
upper panel). Although NRP1 and H2A/H2B at a 1:2 molar ratio
showedan asymmetric peak and those at 2:1 failed to forma single
peak (Supplemental Figure 11), both mixtures showed a peak at
10.5mLsimilar to thatat 1:1molar ratio.These results indicated that
one NRP1 homodimer could associate with two H2A/H2B heter-
odimers to form a stable complex. In contrast, although NRP1-mN
and NRP1-DC formed a similar complex with H2A/H2B dimer as
NRP1 did at 10.5 mL, a single symmetric SEC peak was not ob-
tained in the assays with either NRP1-mN and H2A/H2B or NRP1-
DC and H2A/H2B mixtures at 1:1 (Figure 6C, middle and lower
panels), 1:2, or 2:1molar ratios (Supplemental Figure 11), indicating
that neitherNRP1-mNnorNRP1-DCcould formacomplexwith the
H2A/H2B dimer as strongly as did NRP1.

Next, we examined whether NRP1-mN and NRP1-DC would
affect the NRP1-WER interaction. The SEC analysis showed that
both NRP1-mN and NRP1-DC formed complexes with WER, but

excessive WER can be clearly observed for the mixture of WER
and NRP1-DC, indicating a reduced ability of complex formation
due to the C-terminal deletion of the NRP1 protein (Supplemental
Figure 12). The equilibrium dissociation constant (Kd) values of
WER-NRP1, WER-NRP1-mN, and WER-NRP1-DC were mea-
sured as 1.70, 2.18, and 2.99mM, respectively, by electrophoretic
mobility shift assay (EMSA; Supplemental Figure 13), indicating
that not only C-terminal deletion but also the N-terminal mutation
of NRP1 decreases its binding activity with WER.
Lastly, we investigated the effect of mutations by pull-down

assays using transgenic plant lines expressing YFP-NRP1-mN or
YFP-NRP1-DC. We selected those lines expressing fusion pro-
teins at similar levels compared with that in ES:YFP-NRP1
transgenic plants. Fluorescence microscopy observation
confirmed that similar to YFP-NRP1 both YFP-NRP1-mN and
YFP-NRP1-DC were mainly localized in the nucleus (Supplemental
Figure 14). In a pull-down assay, YFP-NRP1was retained byGST-
WER beads, whereas YFP-NRP1-mN, YFP-NRP1-DC, and YFP-
NAP1;3 were not (Figure 6D). This is consistent with the reduced
binding affinity of these mutant proteins to WER. Compared with
the SEC and EMSA assays using purified recombinant proteins,
the pull-down assay from total plant protein extracts is more re-
stricted, which likely explains the total absence of YFP-NRP1-mN
and YFP-NRP1-DC in the pull-down detection. Taken together,

Figure 5. Crystal Structure Shows That NRP1 Forms a Dimer through Its N-Terminal a-Helices.

(A)Overall structureofNRP1 (19–225aminoacids) dimer shownas ribbondiagram.Dimerization domain (19–78aminoacids) is shown inblue.Structures of
a2-a4 (79–106 amino acids), b1–b4 (107–156 amino acids), and a5–a7 (157–225 amino acids) in earmuff domain are shown in green, yellow, and red,
respectively.
(B) Structure of dimerization domain of NRP1. Hydrophobic amino acids within two antiparallel N-terminal long a-helices are labeled in black (a1) and red
(a1’).
(C) Labeled structure of earmuff domain. Dashed lines show peptides (163–184 amino acids) and (192–203 amino acids) between b4 and a6.
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our results establish that either the disruption of dimerization or
the deletion of the acidic C terminus of NRP1 impairs its inter-
action with histones as well as with WER.

Dimerization and the Acidic C Terminus Are Essential for
NRP1 Function in Planta

Next, we examined the function of the N-terminal a-helix and the
acidic C-terminal tail of NRP1 in planta by transgenic plant rescue
experiments. After estradiol induction, YFP-NRP1 fully rescued

the phenotype of nrp1-1 nrp2-1, whereas YFP-NRP1-mN and
YFP-NRP1-DC did not (Figure 7A, Table 1), although they were
expressed at similar levels as YFP-NRP1 (Figure 6D). Consistent
with this, the transgenicplants expressingNRP1-mNorNRP1-DC
failed to fully activate GL2 transcription (Figure 7B).
We then performed a ChIP analysis to investigate the re-

cruitment of NRP1-mNandNRP1-DC toGL2. The relative binding
efficiency of YFP-NRP1-DC to the examined GL2 regions was
significantly decreased (Figure 7C). The relative binding efficiency
of YFP-NRP1-mN was also decreased in all examined GL2

Figure 6. Disruption of Dimerization or Acidic C Terminus of NRP1 Diminishes Its Interaction with Histones and with WER.

(A) Diagrammatic representations of NRP1-mN and NRP1-DC. In NRP1-mN, three hydrophobic amino acids (Ile-31, Leu-34, and Ile-37) in dimerization
domain were replaced by hydrophilic Ser residue. In NRP1-DC, acidic C terminus (226–256 amino acids) was deleted.
(B)Glutaraldehyde coupling of NRP1 and itsmutants. Open arrowheads indicatemonomer of each uncoupled protein. Black arrowheads indicate dimer of
coupled proteins formed by intermolecular cross-linking. Black arrow indicates coupled form of NRP1-mN, likely formed by intramolecular cross-linking.
Bands of cross-linked proteins broaden in the SDS-PAGE, so 3-fold glutaraldehyde-treated proteins were loaded in the gel compared with the controls to
provide a clear image.
(C)SECprofiles (Superdex20010/300GL)ofNRP1,NRP1-mN,andNRP1-DC(each inblue) andH2A/H2Bdimer (red), aswell as theirmixtures (molar ratioof
1:1 in black). Buffer was 20mMTris-HCl, pH 8.0, and 150mMNaCl. Note that NRP1 andH2A/H2Bdimer complex eluted as a single peak at 1:1molar ratio,
indicating that a NRP1 dimer could stably bind two molecules of H2A/H2B dimer. Neither NRP1-mN nor NRP1-DCmixed with H2A/H2B dimer displayed
a single peak in SEC profiles.
(D) Pull-down assay. Protein extracts of transgenic plants overexpressing YFP-NAP1;3, YFP-NRP1, YFP-NRP1-mN, and YFP-NRP1-DCwere incubated
with beads coated with GST-WER. Input and pull-down fractions were analyzed by immunoblot using polyclonal anti-GFP antibody.

NRP1 Interacts with WER to Activate GL2 267



regionsaswell asatACT2butnotFLC (Figure7C).Together, these
data indicate that bothNRP1-mNandNRP1-DC failed to enrich at
GL2, to activateGL2 transcription, and to rescue the phenotypeof
nrp1-1nrp2-1, togetherprovidingstrongevidencesupporting that
both NRP1 dimerization and its acidic tail are critical for the
function of NRP1 in planta.

NRPs Promote Histone Eviction and Nucleosome Removal
at GL2 Promoter

In order to get insight about mechanism of NRP function at
chromatin level, we tested the histone occupancy and nucleo-
some density at GL2 (Figure 8A). Roots of wild-type and nrp1-1
nrp2-1 plants at 12 DAG were collected and antibodies against
histone H2B or H3 were used in ChIP assays. Comparing the
relative histone occupancy in nrp1-1 nrp2-1 with that in the wild
type, we found an obvious enrichment of H2B at regions P2 to P4
(Figure 8B) and a clear enrichment of H3 at regions P2 and P3 of
GL2 (Figure 8C). The other examinedGL2 regions aswell asACT2
and FLC did not show significant differences between nrp1-1
nrp2-1 and the wild type (Figures 8B and 8C). These findings
indicated that NRPs may promote the removal of histones at the
GL2 promoter regions around the WBSs.

Wenext investigatedchromatin accessibility to themicrococcal
nuclease (MNase) at GL2. MNase has a higher affinity for naked
DNA than for nucleosomal DNA wrapped around histones.
Consequently, the chromatin integrity after MNase attack is
correlated with nucleosome density. The nuclei from wild-type
and nrp1-1 nrp2-1 roots were purified and digested to mono-
nucleosomes byMNase and then the DNAwas purified and used
in quantitative PCR analysis. The assay showed that the P2-P4
regions ofGL2 are less accessible toMNase innrp1-1 nrp2-1 than
in thewild type (Figure8D),which is inagreementwith the impaired
removal of histones around the WBS as observed in ChIP assay.
Remarkably, the T1 and T2 regions ofGL2 also showed a reduced
accessibility toMNase in nrp1-1 nrp2-1 compared with that in the
wild type (Figure 8D). It is possible that the impaired transcription
has rendered the T1 and T2 regions, which are located just
downstream from the transcription initiation site of GL2, more
occupied and thus less accessible toMNase treatment. Similar to
ChIP assay (Figures 8B and 2C), the other examinedGL2 regions
as well as ACT2 and FLC did not show significant difference be-
tween nrp1-1 nrp2-1 and the wild type inMNase assay (Figure 8D).
Takentogether,our resultssuggest thatNRPsmayfacilitatehistone
eviction and nucleosome removal at GL2, particularly around the
WBS within the promoter, in promoting GL2 transcription.

Figure 7. NRP1-mN and NRP1-DC Could Not Promote Full GL2 Expression, Leading to Loss of NRP1 Function in Planta.

(A) Root hair phenotypes of wild-type (WT), nrp1-1 nrp2-1, and transgenic plants harboring ES:YFP-NRP1, ES:YFP-NRP1-mN, and ES:YFP-NRP1-DC in
nrp1-1 nrp2-1 background, respectively. Plants were grown vertically in culture medium supplemented with 4mMestradiol. Images were taken at 12 DAG.
Bar = 0.5 mm.
(B)Relative transcriptionofGL2 in roots ofplants in (A). Valuesare normalized toACTIN2. Error bars showSD from threebiological replicates.Meanvaluesof
the relative GL2 levels compared with that in the wild type (set to 100%) are shown with error bars. Asterisks indicate statistically significant difference of
relative GL2 transcription between the wild type and nrp1-1 nrp2-1 (P < 0.01).
(C)EnrichmentofYFP-NRP1,YFP-NRP1-mN,orYFP-NRP1-DCatGL2promoter.Roots fromtransgenicplants in (A)werefixedwith formaldehyde forChIP
analysis using polyclonal anti-GFP antibody. Error bars show SD from three biological replicates. Asterisks indicate statistically significant difference of
enrichment at GL2, FLC, and ACT2 between YFP-NRP1 and YFP-NRP1-mN/YFP-NRP1-DC (P < 0.01).
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NRP1 Releases the Inhibitory Effect of Histones on
WER-DNA Interaction

Next, we explored the molecular mechanism of WER-dependent
NRP1 recruitment to the target DNA. First, we synthesized
and used a 21-bp double-stranded DNA fragment (59-
GAAAATGCGGTTGGAGAATTA-39), which contained one of the
twoWERbinding siteswithin theGL2promoter (Songet al., 2011),
as the DNA substrate for WER in binding assays. In SEC analysis,
whenWERwas added to DNA at amolar ratio of 1:1, a single peak
containing both protein (measured atA280) and DNA (measured at
A254)wasobservedbefore theelutionofWERorDNAalone (Figure
9A), indicating that WER bound to DNA and formed a stable
complex at 1:1 molar ratio.
Next, we analyzed the roles of histones and NRP1 in the WER-

DNA association by biochemical competition assays. WER
formed a stable complex with its substrate DNA in EMSA (Figure
9B, lanes 1 to 4, upper panel [GelRed]). However, the WER-DNA
complex was disrupted by adding incremental amounts of H2A/
H2B, and histone-DNA complexes gradually formed (Figure 9B,
lanes 5–9, upper panel), which is consistent with the lower Kd of
H2A/H2B-DNA at 0.26 mM compared with that of WER-DNA at
0.55 mM (Supplemental Figure 13). Our observation implies that
histones inhibit the WER-DNA interaction and that WER cannot
break the histone-DNA association to access its binding site.
Whenexcesshistoneswereadded (H2A/H2B:DNAat amolar ratio
of 6:1), theWER-DNAcomplexwasbarely detectable. In contrast,
when increasing amounts of the histone chaperone NRP1 were
added, then the WER-DNA band gradually recovered and in-
creasing amount of the NRP1-H2A/H2B complex appeared
(Figure 9B, lanes 10 to 14), indicating that NRP1 competitively
removed out histones from the DNA binding. Based on the fact
that stable NRP1-H2A/H2B complexes can form at both 1:1 and
1:2molar ratios (Supplemental Figure 15) and that NRP1 can form
a dimer, the protein complexes observed in Figure 9B were de-
duced as NRP12-(H2A/H2B)2 and NRP12-(H2A/H2B)4, which is in
agreement with the previous study on the yeast NAP1 and H2A/
H2B complex formation (D’Arcy et al. 2013). Lastly, we tested the
effect of NRP1 onWER binding to DNA-H2A/H2B. We found that
addition of WER alone to DNA-H2A/H2B caused aggregates,
which remained in the gel slots (Supplemental Figure 16). In
contrast, addition of NRP1-WER to DNA-H2A/H2B resulted in
WER-DNA formation and dissociation of DNA-H2A/H2B complex
(Supplemental Figure 16).
Together, our results indicate that the histone chaperone NRP1

plays a key role in WER binding to histone-associated DNA, likely
through NRP1-histone binding and release of DNA accessibility.

DISCUSSION

Although histone chaperones are known to play important roles in
nucleosome dynamics, little is known about the mechanism by
which theyare recruited tospecificchromatin regions toexert their
functions (Venkatesh and Workman, 2015; Zhou et al., 2015). In
this study,weshow thatNRP1directly inducesGL2activation and
is enriched at theGL2 promoter in a WER-dependent manner. As
revealed in our in vitro and in vivo experiments, WER directly
interacts with the histone chaperone NRP1, indicating that NRP1

Figure 8. NRPs Promote Histone Release and Decrease Nucleosome
Density at GL2 Promoter.

(A) Schematic representation of structures of GL2 promoter and first two
exons.
(B) and (C) Histone occupancy at promoter regions of GL2. Roots of
vertically grown wild type and nrp1-1 nrp2-1 at 12 DAG were fixed with
formaldehyde for ChIP analysis using commercial antibodies against
H2B (B) and H3 (C). Error bars show SD from three biological replicates.
Asterisks indicate statistically significant difference of histone enrich-
ment at GL2, FLC, and ACT2 between the wild type and nrp1-1 nrp2-1
(P < 0.05).
(D) Nucleosome density at the GL2 promoter in nrp1-1 nrp2-1. Nuclei
were isolated from roots of the wild type and nrp1-1 nrp2-1 at 12 DAG
and were treated with MNase. The digested DNA fragments were
purified for quantitative PCR analysis, and the intact genomic DNA
without digestion were used as the input. Error bars show SD from
three biological replicates. Asterisks indicate statistically signifi-
cant difference of DNA level between the wild type and nrp1-1 nrp2-1
(P < 0.05).
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can be selectively recruited to target chromatin regions by the
gene-specific transcription factor WER. In this way, histone
chaperones are selectively recruited to target chromatin regions
by gene-specific transcription factors, where they affect chro-
matin structure and gene expression during plant development.

Recruitment of NRP1 to the GL2 promoter

In this study,weshowed that thehistonechaperoneNRP1directly
interacts with WER to activate GL2 expression in Arabidopsis
roots. Nevertheless, in the nrp1-1 nrp2-1 double mutant, GL2 is
still expressed but to a level roughly;50%of that in thewild type.
The facts that thespatial patternofpGL2:GUSexpression remains

largely similar in the nrp1-1 nrp2-1 double mutant as in the wild
type and that the ES-induced NRP1 rapidly promotes GL2 ex-
pression strongly argue that the impaired GL2 expression is the
cause rather thanaconsequenceof thenrp1-1nrp2-1mutant root
hair phenotype. It is known that GL2 functions in a dosage-
dependent manner in regulation of root hair formation (Masucci
et al., 1996). Our observed decrease of GL2 expression is con-
sistent with ectopic root hair formation at N-position in the nrp1-1
nrp2-1 double mutant.
Meanwhile, the remaining expression of GL2 in nrp1-1 nrp2-1

also implies thatWERcan bind to and activateGL2without NRPs.
We found that in vitroWERalonecannot efficiently bindH2A/H2B-
coated DNA, whereas NRP1-WER complex can (Supplemental

Figure 9. WER Forms a Stable Complex with Its Target DNA When NRP1 Associates with H2A/H2B Dimer.

(A)SECprofiles (Superdex 200 10/300GL) ofWER (A280 in cyan) and its DNA substrate (A254 in black), as well as their complex at 1:1molar ratio (A254 in red;
A280 in blue).
(B) EMSA of NRP1, H2A/H2B dimer, WER, and its substrate DNA. Lanes 1 to 14, 2mMDNA (black arrow, set as relative molar ratio at 1). Lanes 2 to 4,WER
titrated against DNA at molar ratios of 2:1, 4:1, and 6:1. Lanes 5 to 9, H2A/H2B dimer titrated against DNA at molar ratios of 1:1, 2:1, 4:1, 5:1, and 6:1, while
amount ofWERwas held at 6:1molar ratio. Lanes 10 to 14, NRP1 titrated against DNA atmolar ratios of 1:1, 2:1, 4:1, 5:1, and 6:1, whileWER andH2A/H2B
dimerwerebothheldatmolar ratioof6:1againstDNA.Lane15,H2A/H2BdimerandNRP1as in lane14withoutWERand itssubstrateDNA.All sampleswere
separatedon6%nativePAGEgel, stainedwithGelRed,andvisualizedbyUV (upperpanel). TheGelRed-stainedgel showsbandsofDNAbound toH2A/H2B
(black arrowhead) and DNA bound to WER (open arrowhead). Gel was further stained by CBB to show bands of NRP12-(H2A/H2B)4 (green arrowhead),
NRP12-(H2A/H2B)2 (red arrowhead), and WER bound to DNA (purple arrowhead).
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Figure 16). Thus, the question arises: Without NRPs, how does
WER bind to its target DNA within the chromatin context? In cells
of eukaryotes, dynamic nucleosome assembly and disassembly
occur along the genome chromatin; thus, the WBS on GL2 pro-
moter could be transiently open and then WER would be able to
bind directly to the accessible DNA.

In the nucleus of wild-type plants, WER and NRP1 form
a complex, whichmay direct NRP1 to theGL2promoter. This idea
is supported by our observation thatNRP1enrichment around the
WBS of GL2 is WER dependent. When WER binds to its target
DNA, NRP1 could be released to associate with the nearby nu-
cleosomal histones, resulting in histone eviction and nucleosome
dissociation. Subsequently, the opened chromatin site may
facilitate recruitment of other factors to form a stable WER-
associated transcription complex (Grierson et al., 2014) in ef-
fective activation of GL2 transcription. Future studies will be
required to investigate other factors involved as well as to explore
timely activation process of GL2 transcription.

Regulation of Nucleosome Dynamics at GL2 Locus

Previously, the H3-H4 histone chaperone FASCIATA2 (FAS2),
a subunit of the CHROMATIN ASSEMBLY FACTOR-1 complex in
plants, was shown to be required for root hair patterning. In a fas2
mutant (in theLerbackground), thechromatinwas inanopenstate
in most H-position cells and GL2 was ectopically expressed
(Costa and Shaw, 2006). However, the requirement for FAS2 in
root hair differentiation seems to be ecotype specific because the
ectopic expression of GL2 and impaired root hair phenotype
observed in fas2 (in the Lerbackground) in aprevious study (Costa
and Shaw, 2006) were not observed in fas2-4 (in the Col back-
ground) in our study (Supplemental Figure 17). This result sug-
gested that FAS2 may play different roles in different Arabidopsis
ecotypes. It is currently unknown how the FAS2 protein functions
to regulate GL2 expression in the Ler background in Arabidopsis
and whether or not FAS2 can bind to GL2 chromatin.

Our study showed that in the Col background NRP1 and NRP2
are involved in regulation of GL2 expression and root hair for-
mation.Nevertheless, the roothair phenotypeof thenrp1-1nrp2-1
double mutant is obviously weaker than those of thewer-1 single
and the wer-1 nrp1-1 nrp2-1 triple mutants, suggesting that re-
dundant chromatin factors could be involved in GL2 activation.
Other histone chaperones are likely candidates; for example,
FACILITATES CHROMATIN TRANSCRIPTION, another con-
served H2A/H2B histone chaperone, also functions in H2A/H2B
eviction and nucleosome disassembly (Morillo-Huesca et al.,
2010; Formosa, 2012). Chromatin remodeling factors are alter-
native candidates because they show ATP-dependent nucleo-
some assembly/disassembly activities. Also, there are several
lines of evidence that chromatin-remodeling factors coordinate
with histone chaperones (reviewed in Clapier and Cairns, 2009).
For example, yeast NAP1was found to facilitate transcription and
nucleosome disassembly in the presence of the chromatin-
remodeling complex RSC (Lorch et al., 2006). Our ChIP analyses
revealed the accumulation of histone H2B and the retention of H3
at theGL2promoter innrp1-1 nrp2-1comparedwith thewild type,
suggesting that NRPs participate in the formation of histone-free
chromatin regions during transcription. Whether or not NRPs

cooperate with some chromatin-remodeling factors to regulate
GL2 remains an interesting issue to be resolved in future research.
Additionally, histone deacetylases were shown to modulate GL2
transcription by changing the local histone acetylation status (Liu
et al., 2013; Li et al., 2015). Future genetic screening based on the
ectopic root hair phenotype of the nrp1-1 nrp2-1 double mutant
will help to elucidate the NRP1-dependent and -independent
mechanisms for GL2 activation and to unravel the molecular in-
terplay among different chromatin factors during transcriptional
regulation and cell fate determination.

NRP1 May Regulate Different Target Genes through
Different Mechanisms

As shown in the structural comparison (Supplemental Figure 8),
the NRP1 protein shows the highest similarity to human TAF-Ib
(HsTAF-Ib). Whereas WER recruits NRP1 to activate the ex-
pression of GL2, the interactions between HsTAF-Ib and specific
transcription factors repress gene expression (Suzuki et al., 2003;
Miyamoto et al., 2003). HsTAF-Ibmasks the DNA binding activity
of Sp1, a C2H2-type zinc finger transcription factor, and this in-
hibition of Sp1 eliminates its ability to activate its target genes
(Suzuki et al., 2003). HsTAF-Ib also interactswith theDNAbinding
domain of KLF5, a cardiovascular transcription factor, and thus
negatively regulates the DNA binding, transactivation, and cell
proliferative activities of KLF5 (Miyamoto et al., 2003). HsTAF-Ib
functions in gene repression by interacting with the DNA binding
domain of the transcription factors Sp1 and KLF5, implying that
the binding strength of HsTAF-Ib to transcription factors is
stronger than that of the transcription factors to the target DNA. In
contrast, our results showed that the interaction between WER
and NRP1 is weaker than that between WER and its target DNA.
Moreover, when NRP1 is recruited to the GL2 promoter by WER,
NRP1 is released from the WER-NRP1 complex and associates
with histones to promote nucleosome removal and theWER-DNA
interaction, thus activating GL2.
In addition toGL2, more genes weremisregulated in the nrp1-1

nrp2-1 double mutant (Zhu et al., 2006). For example, PLETH-
ORA2 (PLT2), which encodes an AP2 family transcription factor
that is essential for root quiescent center specification and stem
cell activity (Aida et al., 2004), was upregulated in nrp1-1 nrp2-1.
NRP1 also binds to chromatin at thePLT2 locus (Zhu et al., 2006),
suggesting that NRP1 represses the transcription of PLT2. It is
possible that NRP1 functions via a mechanism similar to that of
HsTAF-Ib to repress transcription. Further identification of novel
NRP1-interacting proteins will help to clarify whether interactions
betweenhistonechaperonesandspecific transcription factorsare
a conserved mechanism to recruit histone chaperones and will
also uncover more molecular mechanisms by which NRPs reg-
ulate transcription.

Structural Basis of Arabidopsis NRP1 Function

In this study, we determined the crystal structure of Arabidopsis
NRP1. The crystallography analysis showed that NRP1 forms
adimer through its longN-terminala-helix,which issimilar toother
NAP1 family proteins, such asScNAP1, ScVPS75, andHsTAF-Ib.
When its dimerization was disrupted, the mutant protein
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NRP1-mN failed to enrich atGL2 and to rescue the phenotypes of
the nrp1-1 nrp2-1 double mutant (Figure 7). Similarly, the acidic
C-terminal of NRP1 was also shown to be important for NRP1
function in vivo (Figure 7).

A structural comparison between Arabidopsis NRP1 (this study)
andyeastNAP1 (Park andLuger, 2006)providedsome insights into
the molecular basis of the similarities and differences between
NAP1andNRPs(SupplementalFigure8).Theoverall similarity in the
structures of NRP1 and ScNAP1 suggested that they have ho-
mologous roles. For example, both can form dimers and show
histonebindingactivity (LevchenkoandJackson,2004;Lorchetal.,
2006; Liu et al., 2009). However, their structural differences also
imply that thespecific functionofNRP1differs fromthatofScNAP1.
ScNAP1 contains a nuclear export sequence within the long helix
backbone masked by an accessory domain and a nuclear locali-
zation sequence in the antiparallel b-sheet. This structure is con-
sistent with the fact that ScNAP1 is a nucleo-cytoplasmic shuttling
protein (Miyaji-Yamaguchi et al., 2003). Both the nuclear export
sequence and the accessory domain are conserved in all Arabi-
dopsis NAP1 homologs, but are not found in NRPs (Zhou et al.,
2015). Although the role of the accessory domain remains unclear,
its location at the side of helix backbone could explain why Ara-
bidopsisNAP1generally localizes in thecytoplasm (Liu et al., 2009).
On the other hand, NRPs are mainly localized in the nuclei of
Arabidopsis (Zhu et al., 2006), independently from whether or not
the antiparallel interaction of two long a-helix backbones is dis-
rupted (YFP-NRP1-mN; this study). Thedistinct cellular localization
may explain why NRP1 specifically interacts with WER in vivo, but
NAP1;3 does not (this study), even though the latter can also form
a dimer and bind to histone H2A/H2B (Liu et al., 2009).

In conclusion, our results provide important insight into the
molecular mechanisms by which histone chaperones are
recruited to specific chromatin regions via interactionwith agene-
specific transcription factor and how they act as coactivators to
promote gene expression through histone eviction and nucleo-
some dissociation. The crystal structure and functional domain
analysis of NRP1 provide useful information to understand the
different specificities of NRP1 and NAP1. The NRP1-WER in-
teraction identified in this study may constitute a significant step
toward determining the structure of the NRP1-WER complex.
Elucidating the structure of this complex will clarify the molecular
functions of both the histone chaperone NRP1 and the cell type-
specific transcription factor WER.

METHODS

Plant Materials and Growth Conditions

AllArabidopsis thaliana strains used in this studywere in theColumbia (Col)
background. The double mutant nrp1-1 nrp2-1 has been described pre-
viously (Zhu et al., 2006). The pGL2:GUS (N8851) and DR5:GFP (N9402)
marker lines aswell as thewer-1 (CS6349) and rhd6 (CS6347)mutant lines
were obtained from the Arabidopsis Biological Resource Centre (http://
www.arabidopsis.org). Plants were cultured in vitro on agar-solidified
Murashige and Skoog medium M0255 (Duschefa) supplemented with
0.9% sucrose at 21°C under a 16-h-light/8-h-dark photoperiod in a Per-
cival AR41L5growth chamber in 60 to90mE$m22$s21white light. Estradiol
(Sigma-Aldrich; E2758) and the ethylene biosynthesis inhibitor AVG
(Sigma-Aldrich; A6685) were included in the medium when needed.

RT-PCR Analysis

Three independent groups of plants were vertically grown on agar-solid-
ified medium. For estradiol induction, 10 mL liquid Murashige and Skoog
medium with 4 mM estradiol was added to plants at 12 DAG. From each
group of plants, roots were collected as one biological replicate. RNA
isolationandquantitativeRT-PCRwereperformedasdescribedpreviously
(Zhang et al. 2015). Statistical analysis was performed using OriginPro 7.5
software (OriginLab) as previously reported (Gao et al., 2012). The primers
used for RT-PCR are listed in Supplemental Table 2.

Histochemical GUS staining

GUS activity was assayed by incubating plant tissues in GUS staining
buffer (Bu et al., 2014) for 6 h at 37°C. Transverse sections (5 mm) were cut
from dehydrated roots as previously described (Masucci et al., 1996). The
root tips or the transverse sections were observed directly under a Carl
Zeiss Axio Imager A2 microscope.

Microscopy

The pattern of epidermal cell types was determined as previously reported
(Simon et al., 2007). A lightmicroscope (Axio Imager A2; Zeiss) was used to
determine cell type and relative locations of epidermal cells. An epidermal
cell was counted as anH-cell if any protrusion was visible, regardless of its
length. The proportions of H- and N-cells in root epidermis were de-
termined by examining at least 10 roots from each sample in three in-
dependent experiments.

ChIP Analysis

ChIP was performed as previously described (Johnson et al., 2002). Three
independent groups of plants were vertically grown on agar-solidified
medium. From each group of plants, ;1 g of roots of 12-d-old seedlings
were collected and fixed as onebiological replicate. The antibodies used in
ChIP were GFP (Invitrogen; A-11122), H3 (Abcam; ab1791), and H2B
(Millipore; 07-371). Quantitative PCR was performed to determine the
enrichment of DNA immunoprecipitated in the ChIP experiments, using
primers listed in Supplemental Table 2. The efficiency values are the ratios
determined by taking a fixed aliquot of the DNA extracted from the im-
munoprecipitated samples and the input. Error bars show SD from three
independent experiments. Statistical analyses were performed using
OriginPro 7.5 software (OriginLab) as previously reported (Gaoet al., 2012).
The primers used for RT-PCR are listed in Supplemental Table 2.

Protein Expression and Purification

NRP1-mNwasgenerated from the open reading frame (ORF) ofNRP1 (Zhu
et al., 2006) using a Takara MutanBEST kit. NRP1-DC and NRP1 (19-225)
were generated by PCR. The ORF ofWERwas generated by RT-PCR and
subcloned intopGEXT-4T-1 (GEHealthcare). Thepurification ofGST-WER
fromEscherichia coliwas as described previously (Zhu et al., 2011). A DNA
fragment encoding a 63His-SUMO-tag was added to NRP1, NRP1 mu-
tants,NAP1, andWER, and then the constructs were each subcloned into
the pET28a vector (Novagen). The 63His-SUMO-tagged proteins were
expressed in the E. coli Rosetta (DE3) strain. Their expressionwas induced
by adding 0.2mM isopropylb-D-thiogalactoside to E. coli cells at an OD600

of 0.6. After growth at 20°C for 18 h, cells were harvested, lysed by a high-
pressure disruptor, and then purified using Ni-chelating sepharose. The
63His-SUMO tag was cleaved by ulp1 protease, and the proteins without
the tag were further purified by Q FF anion exchange (for NRP1, NRP1
mutants, and NAP1) or SP FF cation exchange (for WER), and finally
by Superdex 200 16/60 (GE Healthcare) gel filtration chromatography.
The purified NRP1, NRP1-mN, NRP1-DC, and NAP1 proteins were
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concentrated and stored at 20 mg/mL in 20 mM Tris-HCl, pH 8.0, and
150 mM NaCl. The full-length WER was concentrated and stored
at 10 mg/mL in 20 mM Tris-HCl, pH 7.5, 500 mM NaCl, and 1 mM DTT.
Se-Met-labeled NRP1 (amino acids 19–225) was produced by inhibiting
the methionine biosynthesis pathway in the host cell.

TheORFsofHTA1 (AT5G54640)andHTB1 (AT1G07790),whichencode
Arabidopsis H2A and H2B, respectively, were generated by PCR. A DNA
fragment (59-AATAATTTTGTTTAACTTTAAGAAGGAGATATACATATG-
39)wasadded to the59primerofHTB1 tocreateaTATAboxanda ribosome
binding site, and thenHTA1 andHTB1were connected and subcloned into
thepET28avector (Novagen).H2AandH2Bwerecoexpressed in theE.coli
BL21 (DE3) strain and purified by SP FF cation exchange and Superdex
75 16/60 (GE Healthcare) gel filtration chromatography. The purified H2A/
H2B dimer was stored at 40 mg/mL in buffer (20 mM Tris-HCl, pH 8.0, and
1 M NaCl).

Constructs and Plant Transformation

The DNA fragments ofNRP1-mN andNRP1-DCwere fused in frame to the
39-end of the ORF encoding YFP, resulting in YFP-NRP1-mN and YFP-
NRP1-DC. The fusion constructs were cloned into the pER8 vector (Zuo
et al., 2000)withanestradiol-induciblepromoter, and the resultingES:YFP-
NRP1-mN and ES:YFP-NRP1-DC plasmids were then introduced into the
double mutant nrp1-1 nrp2-1 via Agrobacterium tumefaciens GV1301 as
previously described (Zhu et al., 2006).

Pull-Down Assay

The pull-down assay was performed as described previously (Zhang et al.,
2015). Protein extracts from transgenic plants expressing YFP-NAP1;3,
YFP-NRP1, YFP-NRP1-mN, and YFP-NRP1-DC were used in the pull-
downassay.Briefly,matrix-boundGST-WERorGST recombinant proteins
were mixed with protein extracts in PBS buffer containing 13 PBS, 0.2%
Nonidet P-40, 1mMDTT, and protease inhibitor cocktail (Roche) at 4°C for
4 h. After washing three times with wash buffer containing 20mMTris-HCl
(pH8.0), 0.5MNaCl, 0.5%Nonidet P-40, 1mMDTT, andprotease inhibitor
cocktail, the bead-bound fractions were separated on SDS-PAGE for
immunoblotting using antibody against GFP (Invitrogen; A-11122).

BiFC Assay

The BiFC assays were performed as described previously (Bu et al., 2014).
Leavesof4- to8-week-oldNicotianabenthamianaplantswerecoinfiltrated
with Agrobacterium strain GV1301 carrying transgene constructs. Lo-
calization of BiFC fluorescence was observed using a confocal laser
scanning microscope (LSM 710; Zeiss).

Crystallization and Data Collection

Crystals of native and Se-Met-substituted NRP1 (19–225 amino acids)
were grown by hanging-drop vapor diffusion at 16°C. Briefly, 20 mg/mL
NRP1 (19–225 amino acids) in 20 mM Tris-HCl, pH 8.0, and 150 mMNaCl
was combined at a 1:1 ratio with reservoir solution containing 25%
PEG400, 0.1 MHEPES, pH 7.6, and 0.2 M calcium chloride dihydrate. The
crystals grew to a maximum size of 0.2 3 0.2 3 1 mm.

For data collection, crystals were flash frozen (100K) in the above so-
lution supplemented with 25% glycerol. A total of 360 frames with 1°
oscillationwere collected for the native and Se-Met-labeled NRP1 (19-225
amino acids) crystals at the Shanghai Synchrotron Radiation Facility
beamline 17U. The data were processed with HKL2000 (HKL Research).
The space group of the crystals was P212121. The data collection and
refinement statistics of native NRP1 (19–225 amino acids) are listed in
Supplemental Table 1.

Structure Determination

The structure of Se-Met NRP1 (19–225 amino acids) was solved using
multiwavelengthanomalousdiffraction.Thepositionsofheavyatomswere
determined and the model was built with the program Coot (Emsley and
Cowtan, 2004). The structuremodel was refinedagainst the native data set
using REFMAC (CCP4 package) (Collaborative Computational Project,
Number 4, 1994) and PHENIX/COOT. The structural images, electrostatic
surface representation, and structure superpositions were created with
PyMOL (http://pymol.sourceforge.net/). The structure of NRP1 (19–225
amino acids) has been deposited in wwPDB (http://deposit.wwpdb.org)
under the PDB ID 5DAY.

Glutaraldehyde Cross-Linking

For the glutaraldehyde cross-linking analysis, 60 ng NRP1, NRP1-mN, or
NRP1-DC protein was incubated at room temperature in buffer containing
Tris-HCl, pH 8.0, 100 mN NaCl, 1 mM EDTA, and 10% glycerol, with or
without 0.05% glutaraldehyde (Sigma-Aldrich; G5882). The loading buffer
for SDS-PAGEwas added to terminate the reaction, and the samples were
heatedat98°C for5minbeforeseparation.Proteinbandsweredetectedby
silver staining.

SEC Analysis

NRP1, NRP1-mN, NRP1-DC, and H2A/H2B dimers were mixed and in-
cubatedon ice for30min in abuffer containing20mMTris-HCl, pH8.0, and
150 mM NaCl. Mixtures were then loaded on Superdex 200 10/300 GL in
the same buffer and the elution profiles were recorded. A 21-bp DNA
fragment (59-GAAAATGCGGTTGGAGAATTA-39) was synthesized as the
substrate DNA of WER. For gel filtration with DNA, the buffer was 20 mM
Tris-HCl, pH 7.5, 150 mM NaCl, and 1 mM DTT.

MNase treatment

Three independent groups of plants were vertically grown on agar-
solidified medium. From each group of 12-d-old seedlings, roots were
collected as one biological replicate. Nuclei were extracted from roots
and were treated with MNase as previously described (Li et al., 2014).
Briefly, nuclei were digested with 0.02 units mL21 MNase (Takara;
D2910) for 15 min at room temperature. The digestion was stopped by
the addition of EDTA to a final concentration of 4 mM and further treated
with RNase A (Sigma-Aldrich; R6513) and Proteinase K (Roche;
03115836001). The digested DNA was purified with phenol/chloroform
extraction and thenprecipitatedwith salts andethanol in thepresenceof
glycogen (Takara; D605A). Purified DNA was run on a 2% agarose gel,
and fragments within 100 to 200 bp were collected and purified by a gel
purification kit (Qiagen) and were used for quantitative PCR analysis
using primers listed in Supplemental Table 2.

EMSA for Competition

The substrate DNA of WER was purified by PAGE gel. The EMSA buffer
contains 20 mM Tris-HCl, pH 7.5, 150 mMNaCl, and 2mMDTT. The DNA
was dissolved to 2 mM in EMSA buffer and annealed to form double-
stranded DNA by heating to 95°C for 10 min then to 5°C for 10 min. The
DNA,WER,H2A/H2B, andNRP1werediluted to 40, 40, 40, and40mMwith
EMSA buffer, respectively.

For Figure 9B, the final volume for each sample is 20mL. DNA (1mL)was
titrated against WER at 2, 4, or 6 mL and incubated on ice for 30 min. The
DNA (1mL) andWER (6mL)mixturewas titrated against H2A/H2B at 1, 2, 4,
5, or 6mL and incubated on ice for 30min. TheDNA (1mL),WER (6mL), and
H2A/H2B (6mL) mixture was titrated against NRP1 at 1, 2, 4, 5, or 6mL and
incubated on ice for 30 min.
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For Supplemental Figure 16, the final volume for each sample is 20 mL.
WER-NRP1 complex (20 mM) was prepared by adding equal volume of
WER and NRP1 and incubated on ice for 30 min. DNA (1 mL) was titrated
against H2A/H2B at 2, 3, and 4mL and incubated on ice for 30min. WER or
WER-NRP1 complex was added to DNA (1 mL) and H2A/H2B (4 mL)
mixture, respectively, and incubated on ice for 30 min.

Samples were separated by 6% native PAGE gel in 0.53 TBE buffer at
4°C. The DNA and proteins in the native PAGE gel were visualized by
GelRed and Coomassie Brilliant Blue staining, respectively.

EMSA Assay for Kd Measurement

The single-stranded DNA (59-GAAAATGCGGTTGGAGAATTA-39) was
labeled FAM at 59 end and annealed with single-stranded DNA (59-
TAATTCTCCAACCGCATTTTC-39) to formdouble-strandedDNA.Double-
stranded DNA (0.1 mM) labeled by FAM was mixed with H2A/H2B from
0.039 to 20mMorWER from 0.00625 to 3.2mMon ice for 30min. Samples
were separated by 6%nativePAGEgel in 0.53TBEbuffer at 4°C. TheDNA
in the native PAGE gels were imaged by Typhoon FLA 9000 (GE Health-
care). The decreased quantity of DNA was calculated by ImageJ and the
curves were fitted using GraphPad Prism5.

NRP1,NRP1-mN,orNRP1-DC (0.4mM)wasmixedwithWER increased
from 0.039 to 20 mM, and 0.4 mM NRP1 was mixed with H2A/H2B from
0.039 to 20 mM. The mixtures were incubated on ice for 30 min. Samples
were separated by 6% native PAGE gel in 0.53 TBE buffer at 4°C. The
proteins in the native PAGE gel were visualized by silver staining. The
decreased quantity of protein was calculated by ImageJ and the curves
were fitted using GraphPad Prism5.

Accession Numbers

Sequence data from this article can be found in the Arabidopsis Genome
Initiative under the following accession numbers:WER (At5g14750), CPC
(At2g46410), TTG1 (At5g24520), GL3 (At5g41315), EGL3 (At1g63650),
MYB23 (AT5G40330), GEM1 (At2g22475), SCM (At1g11130), GL2
(At1g79840), NRP1 (At1g74560), NRP2 (At1g18800), RHD6 (At1g66470),
and NAP1;3 (At5g56950).
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