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NUCLEOSOME ASSEMBLY PROTEIN1 (NAP1) is conserved from yeast to human and was proposed to act as a histone

chaperone. While budding yeast contains a single NAP1 gene, multicellular organisms, including plants and animals,

contain several NAP1 and NAP1-RELATED PROTEIN (NRP) genes. However, the biological role of these genes has been

largely unexamined. Here, we show that, in Arabidopsis thaliana, simultaneous knockout of the two NRP genes, NRP1 and

NRP2, impaired postembryonic root growth. In the nrp1-1 nrp2-1 double mutant, arrest of cell cycle progression at G2/M

and disordered cellular organization occurred in root tips. The mutant seedlings exhibit perturbed expression of ;100

genes, including some genes involved in root proliferation and patterning. The mutant plants are highly sensitive to

genotoxic stress and show increased levels of DNA damage and the release of transcriptional gene silencing. NRP1 and

NRP2 are localized in the nucleus and can form homomeric and heteromeric protein complexes. Both proteins specifically

bind histones H2A and H2B and associate with chromatin in vivo. We propose that NRP1 and NRP2 act as H2A/H2B

chaperones in the maintenance of dynamic chromatin in epigenetic inheritance.

INTRODUCTION

The nucleosome is the basic repeating unit of chromatin and

consists of 146 bp of DNA wrapped in roughly two superhelical

turns around a histone octamer containing two molecules each

of histones H2A, H2B, H3, and H4 (Luger et al., 1997). During

DNA replication in S phase of the cell cycle, the passage of the

fork displaces parental histones, which are then redistributed on

the daughter strands, and new histones are deposited de novo

for replicated DNA to be fully assembled (Krude and Keller,

2001). In addition, nucleosome disassembly-reassembly pro-

cesses, including histone replacement (by newly synthesized

histones and/or histone variants) or recycling, also occur during

transcription, DNA repair, and recombination (Jin et al., 2005).

Together with chromatin remodeling and covalent modification

of histones and DNA (Hsieh and Fischer, 2005; Martin and Zhang,

2005), nucleosome assembly is likely to contribute significantly

to epigenetic regulation and inheritance. Histone chaperones

play a crucial role in nucleosome assembly and are thought to be

necessary for prevention of nonproductive aggregation between

highly positive charged histones and highly negative charged

DNA in a dense protein environment. The current list of histone

chaperones includes nucleoplasmin, N1/N2, chromatin assem-

bly factor-1 (CAF-1), antisilencing factor 1 (Asf1), histone regu-

latory homolog A (HIRA), Spt6, NUCLEOSOME ASSEMBLY

PROTEIN1 (NAP1), and nucleolin (Haushalter and Kadonaga,

2003; Angelov et al., 2006; Polo and Almouzni, 2006).

NAP1 represents the primary chaperone of H2A and H2B and is

highly conserved from yeast to human (Ishimi et al., 1984; Dong

et al., 2003; Ohkuni et al., 2003). In Saccharomyces cerevisiae,

NAP1 is encoded by a single gene, and its deletion altered the

expression of ;10% of all nuclear genes, but the mutant cells are

still viable (Ohkuni et al., 2003). In Drosophila melanogaster,

knocking out NAP1 dramatically reduced viability (Lankenau

et al., 2003). In mammals, NAP1 belongs to a multigene family,

and the knockout of the mouse neuron-specific NAP1-homolog-2

gene is embryo lethal (Rogner et al., 2000). In plants, NAP1 also

belongs to a multigene family (e.g., four genes encoding close

NAP1 homologues are present in the genome of Arabidopsis

thaliana) (Arabidopsis Genome Initiative, 2000; Dong et al., 2003).

The different membersof the tobacco (Nicotiana tabacum) and rice

(Oryza sativa) NAP1 group proteins have distinct subcellular local-

izations and appear to have specific functions (Dong et al., 2005).
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In addition, plants contain genes encoding more distantly

NAP1-related proteins (hereafter called NRPs), which form a

distinct phylogenic group more closely related to the animal SET/

TAF-I/I2PP2A proteins (Dong et al., 2003). SET was identified first

as the product of a translocated gene in acute undifferentiated

leukemia (von Lindern et al., 1992), but its role in oncogenesis is

not established. In biochemical assays, the SET homologue

TAF-I and I2PP2A proteins stimulate replication of the adenovirus

genome (Nagata et al., 1995) and inhibit protein phosphatase 2A

(PP2A) (Li et al., 1996). The SET/TAF-I/I2PP2A group proteins were

also identified in protein complexes with histone acetylation and

methylation enzymes (Adler et al., 1997; Shikama et al., 2000),

with B-type cyclins (Kellogg et al., 1995), with the granzyme

A–activated DNase NM23-H1 (Fan et al., 2003), and with tran-

scription factors (Telese et al., 2005). Some of these interacting

proteins seem to be common with NAP1-interacting proteins,

whereas others appear to be more specific for SET/TAF-I/I2PP2A.

However, specific function of SET/TAF-I/I2PP2A compared with

NAP1 is not clear, and the role of SET/TAF-I/I2PP2A proteins in

animal growth and development are not yet known.

By reverse genetics, we directly investigated the role of NRPs

in Arabidopsis. We show that the two Arabidopsis genes NRP1

(At1g74560) and NRP2 (At1g18800) are required for maintaining

cell proliferation and cellular organization in root tips. While the

single mutants nrp1-1 and nrp2-1 have a wild-type phenotype,

the nrp1-1 nrp2-1 double mutant has a short-root phenotype.

The embryonic root of the double mutant appears normal but,

shortly after seed germination, G2/M-arrested cells cumulate in

root tips. In the nrp1-1 nrp2-1 double mutant seedlings, expres-

sion of ;100 genes is affected. Among the affected genes,

GLABRA2 (GL2), encoding a homeodomain transcription factor,

is required for repression of root hair formation (Ohashi et al.,

2003), and PLETHORA2 (PLT2), encoding an AP2-type tran-

scription factor, is required for root quiescent center specifica-

tion and stem cell activity (Aida et al., 2004). The nrp1-1 nrp2-1

double mutant plants are also hypersensitive to genotoxic stress

and show release of silencing of TRANSCRIPTIONALLY SILENT

INFORMATION (TSI) and of transposon Ta3. NRP1 and NRP2

proteins bind histones H2A and H2B and are localized in the

nucleus, supporting the idea that they are bona fide H2A/H2B

chaperones. Chromatin immunoprecipitation (ChIP) shows that

NRP1 and NRP2 bind to genes located in actively transcribed

euchromatin and to the pericentromeric TSI. Taken together, our

results provide evidence for specific functions of NRPs, which

cannot be replaced by NAP1 group proteins, and demonstrate

that NRP-mediated H2A/H2B dynamics play a critical role in

epigenetic inheritance.

RESULTS

Phenotype of nrp1-1, nrp2-1, and nrp1-1 nrp2-1 Mutants

Both NRP1 and NRP2 are located on chromosome 1 in Arabi-

dopsis. NRP1 and NRP2 amino acid sequences show 88%

identity and 93% similarity to each other but show <30% identity

and <48% similarity with four members of the Arabidopsis NAP1

group proteins, NAP1;1 (At4g26110), NAP1;2 (At2g19480),

NAP1;3 (At5g56950), and NAP1;4 (At3g13782). RT-PCR analysis

revealed that NRP1 and NRP2 as well as NAP1;1, NAP1;2, and

NAP1;3 are ubiquitously expressed in all material examined,

including seedlings, roots, stems, and flower buds (see Supple-

mental Figure 1 online). To investigate the function of NRPs in

Arabidopsis, we searched for lines with T-DNA insertions within

NRP1 and NRP2. From the SALK collection (Alonso et al., 2003),

two independent lines were identified and named nrp1-1 and

nrp2-1. PCR analysis confirmed that nrp1-1 contains a T-DNA

insertion in the sixth intron of NRP1, and nrp2-1 contains a

T-DNA insertion at –162 bp (from the ATG codon) in the promoter

of NRP2 (Figure 1A; data not shown). In both mutants, the T-DNA

segregated as a single locus. Homozygous (hereafter called

Figure 1. Simultaneous Knockout of NRP1 and NRP2 Results in a Short-

Root Phenotype.

(A) Genomic structure of NRP1 and NRP2. Boxes indicate the coding

sequences. Triangles, T-DNA insertion sites in nrp mutants; arrows, PCR

primer location sites.

(B) RT-PCR analysis of NRP1 and NRP2 expression in wild-type, single

mutants nrp1-1 and nrp2-1, and double mutant nrp1-1 nrp2-1 plants 14

DAG. ACTIN serves as an internal control.

(C) Wild-type and double mutant nrp1-1 nrp2-1 plants 32 DAG in the in

vitro culture medium.

(D) Root growth curves for the wild-type and the double mutant nrp1-1

nrp2-1 plants. The mean value from 20 plants is shown. Error bars

represent standard deviations.
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mutant) plants were obtained for both T-DNA insertion lines by

self-pollination. RT-PCR analysis showed that the transcripts of

the corresponding genes were absent in the mutant plants

(Figure 1B). These mutant plants with loss of function of either

NRP1 or NRP2 did not show any phenotype under our in vitro

culture and greenhouse growth conditions.

We then crossed nrp1-1 with nrp2-1 and obtained the double

mutant, named nrp1-1 nrp2-1. RT-PCR analysis confirmed that

both NRP1 and NRP2 transcripts were absent in the double mu-

tant plants (Figure 1B). In contrast with single mutant plants, the

double mutant plants showed a short-root phenotype (Figure 1C).

A detailed study revealed that the double mutant roots grew like

the wild-type roots until 6 d after germination (DAG). However,

after 7 DAG, the elongation of the double mutant roots was dra-

matically reduced compared with the wild-type roots (Figure 1D).

The aerial organs (leaves, rosettes, inflorescences, flowers, fruits,

and embryos) developed normally in the double mutant plants.

Rescue of the nrp1-1 nrp2-1 Mutant Phenotype

To obtain direct evidence that the short-root phenotype is

caused by loss of function of NRPs, the NRP1 and NRP2 cDNAs

were cloned and fused in frame to the 39-end of the cDNA

encoding the yellow fluorescent protein (YFP), resulting in

YFP:NRP1 and YFP:NRP2. The fusion constructs under the

control of an estradiol-inducible promoter (Zuo et al., 2000) were

introduced into both tobacco BY-2 cells and Arabidopsis plants.

The YFP:NRP1 and YFP:NRP2 fusion proteins were localized

primarily in the nuclei in both transgenic tobacco BY-2 cells

(Figures 2A and 2B) and Arabidopsis plants (Figures 2C and 2D).

A significant amount of YFP:NRP1 and YFP:NRP2 was also

observed in the cytoplasm in some cells of transgenic Arabi-

dopsis plants, suggesting that intracellular localization of these

proteins is affected by the physiological state of the cells. In the

absence of the estradiol inducer, the YFP:NRP1-transgenic

double mutant plants maintained the short-root mutant pheno-

type (Figure 2E). In the presence of estradiol, however, they

showed root growth similar to the wild-type plants (Figure 2F).

Root length measurements showed that induced expression

of YFP:NRP1 rescued root elongation of the mutant plants

(Figure 2G). Rescue by YFP:NRP2 expression was also ob-

served, while no rescue was obtained by expressing YFP alone

(data not shown). These results show that the YFP fusion proteins

are functional and that deficiency in both NRP1 and NRP2

caused the mutant short-root phenotype, arguing for a signifi-

cant degree of functional redundancy of the two proteins.

Cellular Defects in the nrp1-1 nrp2-1 Mutant Roots

The nrp1-1 nrp2-1 mutant roots contained irregularly positioned

long hairs, and the elongation zone was greatly reduced (Figure 3B)

compared with that of wild-type roots (Figure 3A). Longitudinal

sections revealed that the nrp1-1 nrp2-1 mutant root tips contain

larger cells (Figure 3D) compared with the wild-type root tips

(Figure 3C), ruling out the possibility that the short-root pheno-

type is caused by a reduced cell size in the mutant. Furthermore,

dead cells, which accumulate dye, are found in the mutant root

tips (Figure 3D). Transverse sections showed that the radial

organization of the mature tissues in wild-type roots consists of

the epidermis, cortex, endodermis, and pericycle, which sur-

round the vascular cylinder (Figures 3E and 3F) (Dolan et al.,

1993). Root hair cells arise from the epidermal cells that contact

two underlying cortical cells (the so-called H position), whereas

the epidermal cells overlying a single cortical cell develop into

nonhair cells (Figures 3E and 3H) (Galway et al., 1994). In nrp1-1

nrp2-1 mutant roots, cell division was abnormal and cell orga-

nization in the epidermis, cortex, and endodermal layers was

irregular (Figure 3G). Irregular cell size and number in these layers

were much more pronounced in sections of the differentiation

zone (Figure 3I), whereas the regular radial organization was

maintained in wild-type roots (Figure 3H). Taken together, these

results suggest that NRP1 and NRP2 are necessary for the main-

tenance of cell proliferation and differentiation in postembryonic

root growth.

Impaired Expression of the Cell Division Marker

CYCB1:GUS in the nrp1-1 nrp2-1 Mutant

To analyze the role of NRP1 and NRP2 in cell cycle progression in

proximal meristem cells and in lateral root initiation, we crossed

the nrp1-1 nrp2-1 mutant with a transgenic plant express-

ing CYCB1:GUS (Colon-Carmona et al., 1999) and obtained

CYCB1:GUS-containing wild-typeand nrp1-1 nrp2-1 mutant lines.

The CYCB1:GUS gene contains the b-glucuronidase (GUS)

reporter fused to the mitotic destruction sequence (D-box) and

the promoter of the cyclin CYCB1;1. This fusion gene is ex-

pressed upon entry into G2 (via the CYCB1:1 promoter), and its

protein product is degraded upon exit from metaphase (via

D-box) (Criqui et al., 2001), and subsequently the GUS activity

marks cells in G2 and early M phase (Colon-Carmona et al.,

1999). As shown in Figure 4, GUS-positive cells were detected in

the root tips and at the initiation sites of lateral root formation. At

early stages after germination, the wild-type (Figure 4A) and the

mutant (Figure 4B) siblings showed similar GUS activity. How-

ever, at later stages, a significantly higher number of GUS-

positive cells were observed in the mutant root tips (Figure 4D)

compared with the wild-type root tips (Figure 4C), suggesting that

G2/M arrest occurred in the mutant. Examination of 6- to 12-d-old

seedlings revealed that lateral roots initiated similarly in the wild

type (Figure 4E) and the mutant (Figure 4F). The number of lateral

roots and primordia per seedling was similar in the mutant and the

wild type, 19 6 6 (15) compared with 20 6 5 (15). However, the

distance separating two lateral roots/primordia was significantly

shorter in the mutant than in the wild-type, 1.85 6 0.34 (15) com-

pared with 2.58 6 0.48 (15) mm. Thus, it appears that NRP1 and

NRP2 could play a repressive role in spatial lateral root initiation.

Alterations in Gene Expression in the nrp1-1 nrp2-1 Mutant

To uncover molecular events in the mutant plants, we first ana-

lyzed gene expression profiles in 6-d-old seedlings before any

mutant phenotype was visible. We also reasoned that secondary

transcriptional changes caused by NRP1- and NRP2-dependent

differentially expressed genes would be minimal at this early

developmental stage. The complete Arabidopsis transcriptome

microarray (CATMA) containing 24,576 genes of the Arabidopsis
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genome (Crowe et al., 2003) was used for hybridization. Based

on a stringent statistical test (see Methods), 10 genes in nrp1-1,

483 genes in nrp2-1, and 102 genes in nrp1-1 nrp2-1 were found

to be differentially expressed (see Supplemental Tables 1 to 3

online). These differentially expressed genes belong to both

downregulated and upregulated categories, and some were

common to the different mutants (Figure 5). A considerably

higher number of differentially expressed genes were found in

the nrp2-1 mutant, suggesting that NRP2 has a broader activity.

The fact that many differentially expressed genes in the single

mutants were unchanged in the double mutant suggests com-

plexity of molecular interactions between NRP1 and NRP2, which

is beyond simple redundancy as viewed by plant phenotype.

Since only the nrp1-1 nrp2-1 double mutant has a morphological

phenotype, we focused on genes that are differentially ex-

pressed specifically in this mutant but not in the single mutants.

Among this group of genes, it is interesting to note that while

several genes encoding cell wall or extracellular matrix proteins

Figure 2. Subcellular Localization of YFP:NRP1 and YFP:NRP2 Proteins and Rescue of the Mutant Phenotype.

(A) and (B) Transgenic tobacco BY-2 cells expressing YFP:NRP1 and YFP:NRP2, respectively, were visualized by fluorescence confocal microscopy.

YFP fluorescence image (left panels), bright-field differential interference contrast image (middle panels), and their merged image (right panels) are

shown. Note that green fluorescence is concentrated in the spherical nucleus but absent from the nucleolus inside the nucleus. Bars ¼ 10 mm.

(C) and (D) Root tip and stem-root junction region, respectively, from a transgenic Arabidopsis plant expressing YFP:NRP1. YFP fluorescence (in green)

and differential interference contrast images are shown. Bar ¼ 20 mm.

(E) and (F) Wild-type and transgenic double mutant nrp1-1 nrp2-1 (pYFP:NRP1) plants were grown in the in vitro culture medium in the absence or

presence of the transgene expression inducer estradiol. Images were taken at 14 DAG.

(G) Comparison of root elongation between wild-type and the rescue-transgenic mutant nrp1-1 nrp2-1 (pYFP:NRP1) plants. The mean value from 20

plants is shown. Error bars represent standard deviations. Both YFP:NRP1 and YFP:NRP2 constructs were under the control of the induced estradiol-

inducible promoter.
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are downregulated, the expression of several genes encoding

transcription factors, including a zinc-finger protein, a bZIP

protein, and three ethylene-responsive proteins, are upregulated

to more than twofold in the mutant (Table 1). The cell wall or

extracellular matrix is important not only for structure but also for

providing positional information that determines root cell fate

(Kwak et al., 2005). The bZIP transcription factor PosF21 is likely

to play an important role in vascular development (Jakoby et al.,

2002). The ethylene-responsive transcription factors are involved

in phytohormone ethylene signaling (Broekaert et al., 2006), and

ethylene plays a crucial role in root growth and root hair devel-

opment (Stepanova et al., 2005). It is reasonable to speculate

that the difference in expression of these genes contributes to

the nrp1-1 nrp2-1 mutant phenotype.

We also investigated the expression level of several patterning

genes in the wild-type and nrp1-1 nrp2-1 mutant roots by semi-

quantitative RT-PCR. In Arabidopsis roots, GL2, WEREWOLF

(WER), TRANSPARENT-TESTA-GLABRA1, and CAPRICE (CPC)

are involved in epidermal patterning, PLT2 and PLT1 are involved

in proximo-distal patterning, and SCARECROW and SHORT-

ROOT are involved in radial patterning (for a review, see Ueda

et al., 2005). No significant differences were observed between

the wild-type and the mutant roots in 6-d-old seedlings (Figure 6A).

This is consistent with previous microarray data where these

genes were not among the differentially expressed genes. In

12-d-old seedlings, however, the level of GL2 was significantly

lower, whereas that of PLT2 was higher in the mutant roots

compared with the wild-type roots, while the other patterning

Figure 3. nrp1-1 nrp2-1 Roots Show Defects in Cell Division, Viability, and Cellular Organization.

(A) and (B) Primary roots of 12-d-old seedlings of the wild type and the double mutant nrp1-1 nrp2-1, respectively. The region between two arrowheads

indicates the elongation zone. Bars ¼ 0.5 mm. (C) and (D) Longitudinal confocal sections of the wild-type and the double mutant nrp1-1 nrp2-1 roots of

7-d-old seedlings, respectively. Propidium iodide (red fluorescence) only stains the cell wall in living cells but stains the entire cell in dead cells. Dead

cells were observed in 8/10 mutant but 0/10 wild-type primary root tips. Bars ¼ 20 mm.

(E) Schema of transverse section of root apex with different colors indicating different cell types. H, root hair cell.

(F) and (G) Transverse sections within the root elongation zone of wild-type and double mutant nrp1-1 nrp2-1 10-d-old-seedlings, respectively. Arrows

indicate different types of abnormal cells having either two nuclei (1) possibly due to a defect in cytokinesis, granular and shrunken form (2) because of

death, or irregular size and misplacement in cell layers (3). Bars ¼ 50 mm.

(H) and (I) Transverse sections within the differentiation zone of wild-type and the double mutant nrp1-1 nrp2-1 roots from 10-d-old-seedlings,

respectively. Arrows indicate extra cell divisions. Note that the wild-type root contains the invariant eight cortical and endodermal cell files. Bars¼ 50 mm.
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genes showed unchanged expression levels (Figure 6B). These

RT-PCR results were reproducible in two independent experi-

ments. GL2 represses root hair formation (Ohashi et al., 2003), so

a decrease in expression level correlates with the increased

proliferation of root hairs in the nrp1-1 nrp2-1 mutant. Since the

ectopic overexpression of PLT2 enhances root stem cell forma-

tion (Aida et al., 2004), the increased level of PLT2 expression is

consistent with the capacity of root primordia formation in the

nrp1-1 nrp2-1 mutant.

Taken together, our data indicate that NRP1 and NRP2 are

required for the maintenance of correct expression of several

genes involved in root proliferation and patterning.

Increased Sensitivity to DNA Damage and Release of

Transcriptional Gene Silencing in the nrp1-1 nrp2-1 Mutant

The G2/M arrest and the perturbed expression of some stress-

responsive genes prompted us to investigate DNA damage

response in the nrp1-1 nrp2-1 mutant. We first examined sen-

sitivity of plant growth to the genotoxic agent bleomycin, an

inducer of DNA strand breaks (Menke et al., 2001). The nrp1-1

nrp2-1 mutant plants were significantly more sensitive to

bleomycin treatment than the wild-type plants (Figure 7A). The

genes encoding poly(ADP-ribose) polymerase 2 (PARP2) and

RAD51, which is involved in meiotic recombination and in

homologous recombination repair (Schuermann et al., 2005),

are transcriptionally induced by increased levels of DNA breaks

(Chen et al., 2003). Consistent with their hypersensitivity to

bleomycin, the nrp1-1 nrp2-1 mutant plants showed higher

levels of PARP2 expression than the wild-type plants (Figure

7B). On the other hand, expression levels of RAD51 were quite

similar in the mutant and wild-type plants.

We compared the level of DNA damage in the nrp1-1 nrp2-1

mutant with the wild-type plants using the comet assay (Menke

et al., 2001). When plants were grown in the absence or at low

concentration of bleomycin, the mutant showed similar levels of

DNA damage compared with the wild type. When plants were

grown at higher concentration of bleomycin, however, the mutant

showed a significant increase in DNA damage compared with the

wild type (Figures 7C and 7D). To evaluate repair capability, we

compared DNA damage levels within a 60-min recovery period

after a 1-h bleomycin treatment using seedlings germinated on

filter papers (see Methods). In the absence of bleomycin treat-

ment, the nrp1-1 nrp2-1 mutant seedlings showed an increase in

DNA damage compared with wild-type seedlings (Figure 7E),

indicating that the nrp1-1 nrp2-1 mutant is hypersensitive to

Figure 4. Cell Cycle Arrest and Lateral Root Initiation in the Double nrp1-1 nrp2-1 Mutant.

The wild-type and the nrp1-1 nrp2-1 mutant plants containing the G2/M marker CYCB1:GUS were analyzed by histochemical staining for GUS activity.

Bars ¼ 50 mm.

(A) and (B) Primary root tips of 6-d-old seedlings of the wild type and the mutant, respectively.

(C) and (D) Primary root tips of 8-d-old seedlings of the wild type and the mutant, respectively. Two representative examples are shown for each.

(E) and (F) Lateral root formation in the wild type and the mutant, respectively. Representatives of early to late stages of lateral root formation are shown

in panels from left to right. Observations were performed on primary roots of 6- to 12-d-old seedlings.

Figure 5. Transcriptome Analysis of nrp1-1, nrp2-1, and nrp1-1 nrp2-1

Mutants.

Venn diagram shows the number of downregulated (left) and upregulated

(right) genes in the nrp1-1, nrp2-1, and nrp1-1 nrp2-1 mutants compared

with wild-type seedlings.
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growth stress. Bleomycin treatment elevated levels of DNA

damage in both the mutant and the wild-type seedlings. Inter-

estingly, DNA damage was repaired in the mutant as rapidly as in

the wild type (Figure 7E), indicating that the mutant is proficient in

repair. This is consistent with the observation that the repair

gene, RAD51, was well expressed in the mutant (Figure 7B). It

is likely that the mutant genome is more sensitive to DNA damage

and that additional genotoxic treatment leads to an accumulation

of DNA damage that simply exceeds the capacity of the repair

pathways, resulting in plant growth inhibition.

Release of transcription gene silencing (TGS) at TSI and/or

transposons was previously reported in several Arabidopsis

mutants defective in DNA/chromatin replication and assembly,

including bru1, fas1, fas2, and rnr2 (Takeda et al., 2004; Ono et al.,

2006; Schonrock et al., 2006; Wang and Liu, 2006). In the nrp1-1

nrp2-1 mutant, we also found that the silencing of the pericen-

tromeric repeat TSI and the transposon Ta3 was released

(Figure 7B). However, when plants were grown in the absence

of bleomycin, release of the expression of TSI and Ta3 was not

observed (data not shown). By contrast, the bru1, fas1, fas2, and

rnr2 mutants released TGS under standard growth conditions.

Thus, the defects in maintaining the silencing of heterochromatic

chromatin are less severe in the nrp1-1 nrp2-1 mutant.

Histone and Chromatin Binding Activity of the NRP1

and NRP2 Proteins

The histone binding activity of NRP1 and NRP2 proteins was

investigated using pull-down assays. We found that NRP1

and NRP2 form homo- and heteromeric protein complexes

(Figure 8A, left panel) and that NRP1 (Figure 8A, right panel)

and NRP2 (data not shown) bind histones H2A and H2B but very

little histone H3. This is in agreement with the proposal that NRP1

and NRP2 are histone H2A/H2B chaperones.

Since YFP:NRP1 and YFP:NRP2 proteins are primarily local-

ized in the nucleus (Figures 2A to 2D), we tested whether they

could bind to chromatin in vivo. Transgenic Arabidopsis plants

expressing YFP:NRP1 or H2A:YFP were first selected in ChIP

analyses. We assumed that the histone H2A:YFP fusion protein is

incorporated in nucleosomes and is distributed over the genome.

The immunoprecipitates of the H2A:YFP-derived fraction (H) and

the YFP:NRP1-derived fraction (N) were analyzed by PCR using

gene-specific primers (Figure 8B). Actin was positively detected

in both H and N fractions and subsequently used to normalize

quantity of the two fractions. In the normalized H and N fractions,

the levels of PosF21, PLT2, and GL2 were similar, indicating that

YFP:NRP1 binds well to these genes. This is consistent with a

Table 1. Genes Differentially Expressed in the Double Mutant nrp1-1 nrp2-1 but Not in the Single Mutant nrp1-1 or nrp2-1

Probe Set Gene ID Annotated Function

Down (less than twofold)

CATMA2A31980 At2g33790 Pollen Ole e 1 allergen and extensin family protein

CATMA5A49170 At5g53250 Arabinogalactan protein (AGP22)

CATMA5A50230 At5g54370 Late embryogenesis abundant protein-related protein

CATMA1A43140 At1g52060 Jacalin lectin family protein

CATMA3A00185 At3g01190 Peroxidase 27 (PER27; P27; PRXR7)

CATMA5A36740 At5g41080 Glycerophosphoryl diester phosphodiesterase family protein

CATMA3A47440 At3g54500 Expressed protein

CATMA3A39300 At3g46280 Protein kinase-related

CATMA5A35160 At5g39580 Peroxidase, putative

CATMA1A22610 At1g23720 Pro-rich extensin-like family protein

Up (more than twofold)

CATMA3A48950 At3g55980 Zinc-finger (CCCH-type) family protein, putative transcription factor

CATMA4A19530 At4g18440 Adenylosuccinate lyase/adenylosuccinase, putative

CATMA4A02710 At4g02410 Lectin protein kinase family protein

CATMA5A41290 At5g45340 Cytochrome P450 family protein

CATMA2A29600 At2g31370 bZIP transcription factor (PosF21)

CATMA1A33350 At1g35210 Expressed protein

CATMA1A04730 At1g05730 Expressed protein

CATMA2A43300 At2g44840 Ethylene-responsive element binding protein, putative transcription factor

CATMA1A09360 At1g10522 Expressed protein

CATMA5A43215 At5g47230 Ethylene-responsive element binding factor 5 (ERF5), transcription factor

CATMA3A29010 At3g29000 Calcium binding EF hand family protein

CATMA3A55720 At3g62550 Universal stress protein (USP) family protein

CATMA2A36760 At2g38480 Integral membrane protein, putative

CATMA3A43500 At3g50440 Hydrolase, a/b fold family protein

CATMA4A08330 At4g08540 Expressed protein

CATMA4A38005 At4g36430 Peroxidase, putative

CATMA5A57200 At5g61600 Ethylene-responsive element binding family protein, putative transcription factor

CATMA3A14260 At3g14900 Expressed protein

CATMA4A30165 At4g28510 Prohibitin, putative

CATMA3A01430 At3g02480 Abscisic acid–responsive protein-related
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previous observation showing that the expression of these genes

was affected in the nrp1-1 nrp2-1 mutant (Table 1, Figure 6). The

expression of FLOWERING LOCUS C (FLC), a gene that is

regulated by chromatin environment (Zhao et al., 2005; Baurle

and Dean, 2006), was unchanged in the nrp1-1 nrp2-1 mutant

(data not shown). Interestingly, binding of YFP:NRP1 with the FLC

region was negligible (Figure 8B). Since YFP:NRP1 also binds to

genes whose expression was unchanged in the nrp1-1 or nrp1-1

nrp2-1 mutant (data not shown), binding is not restricted to

NRP1-regulated genes. In pericentromeric heterochromatin,

YFP:NRP1 bound to TSI and to a lesser extent, to Ta3 and the

centromeric 180-bp repeats (Figure 8B). These ChIP results were

obtained reproducibly in three independent experiments. In

addition, YFP:NRP2 gave similar results as did YFP:NRP1, and

H2B:YFP gave similar results as did H2A:YFP, whereas the

negative control (YFP or in the absence of antibody) did not give

signals (see Supplemental Figure 2 online). Our data thus clearly

establish that YFP:NRP1 and YFP:NRP2 bind chromatin and are

not uniformly distributed over the genome.

DISCUSSION

Our genetic, phenotypic, cellular, and molecular characterization

of mutants demonstrates that NRPs are critical in epigenetic

regulation in plant development. To our knowledge, this is the

first report on cellular function of NRPs. We have shown that in

Arabidopsis NRP1 and NRP2 encode histone H2A/H2B chape-

rones, are required for the maintenance of correct genome

function, and play crucial roles in cell proliferation and differen-

tiation in roots.

NRPs as H2A/H2B Chaperones

NRP1 and NRP2 can form homo- and heteromeric protein

complexes and preferentially bind histones H2A and H2B rather

than histone H3. This is consistent with the high degree of se-

quence homology of NRP1 and NRP2 to the NAP1 group pro-

teins in the dimerization and the histone binding regions (Park

and Luger, 2006). The current models propose that NAP1 binds

to newly synthesized H2A and H2B in the cytoplasm, transports

the histones to the nucleus, and deposits H2A/H2B on preformed

H3/H4-DNA complex during nucleosome formation (Krude

and Keller, 2001; Haushalter and Kadonaga, 2003; Polo and

Almouzni, 2006). In vitro, the animal NRP group protein TAF-I can

substitute for NAP1 in chromatin-based activation of replication

and transcription as well as in chromatin assembly (Nagata et al.,

1995; Kawase et al., 1996; Gamble et al., 2005). Dimerization of

TAF-I was shown to be important for its activity in activating

replication of the adenovirus genome in vitro (Miyaji-Yamaguchi

et al., 1999). Our in vivo data demonstrate that NRPs associate

with chromatin and regulate global expression of the Arabidopsis

genome. It indicates that NRP group proteins act as H2A/H2B

chaperones in chromatin assembly and regulate transcription on

a chromatin template.

YFP:NRP1 and YFP:NRP2 are primarily localized in the nu-

cleus, in contrast with our previous observation that showed that

YFP fusions of several tobacco and rice NAP1 group proteins

were predominantly localized in the cytoplasm (Dong et al., 2003,

2005). Compartmentalization could be involved in functional

specification of the NRP and NAP1 groups’ proteins. In some

cells of transgenic Arabidopsis plants, YFP:NRP1 and YFP:NRP2

also accumulate in the cytoplasm. It is not yet known how the

physiological state of the cells influences intracellular localization

of these proteins. In addition to histones, a variety of other protein

complexes contain the SET/TAF-I/I2PP2A proteins. Among these,

B-type cyclins bind to SET and to NAP1, likely playing functional

roles (Kellogg et al., 1995; Canela et al., 2003). While the tobacco

B-type cyclin, Nicta;CYCB1;1, binds to NAP1 group proteins

(Dong et al., 2005), it did not bind to NRP1 or to NRP2 in our pull-

down assays (data not shown). The mammalian SET/TAF-I/

I2PP2A proteins have PP2A inhibitor activity (Li et al., 1996).

However, in our physiological tests, the PP2A-specific inhibitor

cantharidin (Zhou et al., 2004) did not rescue the nrp1-1 nrp2-1

mutant short-root phenotype (data not shown). Whether or not

NRP1 and NRP2 have functions in addition to that of histone

chaperones is thus unclear at this stage.

Chaperoning H2A/H2B in Replication, Repair,

and Transcription

The defects observed in the nrp1-1 nrp2-1 mutant underline crucial

functions of dynamic H2A/H2B in chromatin-based genome

function. Nucleosome assembly primarily occurs during DNA

Figure 6. Semiquantitative RT-PCR Analysis of Expression of Root

Patterning Genes in the Wild-Type and the Double Mutant nrp1-1 nrp2-1

Roots.

RNA was isolated from roots collected from 6-d-old (A) and

12-d-old (B) seedlings. The increasing number of PCR cycles is given

at the top of lanes, and the basal number of cycles (x) is given for each

gene at the left of the panels. mut, mutant.
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replication in the S phase of the cell cycle. The best-characterized

histone chaperone is CAF-1, a heterotrimeric complex of CAC1/

p150/FAS1, CAC2/p60/FAS2, and CAC3/p48/MSI1 in yeast,

mammals, and plants, respectively. CAF-1 binds newly synthe-

sized histones H3/H4 and deposits them onto replicating DNA

through an interaction with proliferating cell nuclear antigen, the

DNA polymerase sliding clump (for reviews, see Krude and

Keller, 2001; Haushalter and Kadonaga, 2003; Polo and Almouzni,

2006). Our observation that cells arrest at G2/M in the nrp1-1

nrp2-1 mutant implies that H2A/H2B deposition also is actively

involved in chromatin duplication. In support of this view, similar

to that observed in the nrp1-1 nrp2-1 mutant, CYCB1:GUS

expression accumulates in G2/M-arrested cells in mutants fas1

and fas2 (Schonrock et al., 2006) as well as in tonsoku (Suzuki

et al., 2005), which is allelic to bru1 and thought to be involved in

histone chaperoning together with CAF-1 (Takeda et al., 2004).

The G2/M checkpoint ensures correct and complete DNA syn-

thesis and chromatin duplication before the entry into mitosis and

Figure 7. Response to Bleomycin, DNA Damage, and Release of Gene Silencing in the Double nrp1-1 nrp2-1 Mutant.

(A) Plant growth in the culture medium containing different concentrations of bleomycin. The top plates contain wild-type plants, and the bottom plates

contain the mutant plants. Images were taken at 21 DAG.

(B) Semiquantitative RT-PCR analysis of gene expression in the wild-type and the mutant (mut) plants grown with 1.0 mg/mL bleomycin. The increasing

number of PCR cycles is given on top of lanes, and the basal number of cycles (x) is given for each gene at the left of the panels.

(C) Representative examples of nuclei seen in the comet assay from the wild-type (top panel) and the mutant (bottom panel) plants grown with 1.0 mg/

mL bleomycin.

(D) Levels of DNA damage as measured by the percentage of DNA in the tail of comet in the comet assay for the wild-type (black bars) and the mutant

(gray bars) plants grown at different concentrations of bleomycin.

(E) Time course of DNA repair after a 1-h bleomycin treatment in the wild-type (black bars) and the mutant (gray bars) plants. NT, not treated with

bleomycin. Each column in (D) and (E) represents the mean value together with the standard deviation bar from three independent experiments in which

200 comets on four gels were evaluated.
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cytokinesis. B-type cyclins are involved in G2/M checkpoint acti-

vation (Stark and Taylor, 2006). The accumulation of CYCB1:GUS

expression could be interpreted as a result of inhibition of chro-

matin duplication in the fas1, fas2, bru1, and nrp1-1 nrp2-1

mutants. In support of this view, CYCB1:GUS expression accu-

mulates when S phase is inhibited by aphidicolin. Such an effect

was not detected with hydroxyurea, which inhibits the G1/S

and G2/M transitions, nor in mutants of RETINOBLASTOMA-

RELATED, which regulates G1/S transition (Culligan et al.,

2004; Wildwater et al., 2005).

Although to a lesser extend than the bru1 mutant (Takeda et al.,

2004), the nrp1-1 nrp2-1 mutant also shows significant hyper-

sensitivity to genotoxic stress and increased level of DNA dam-

age. It appears that timely completion of chromatin assembly is

critical to maintain the genome integrity. In mammals, SET dis-

plays inhibitor activity to NM23-H1, a nucleoside diphosphate

kinase (NDPK) implicated in DNA single-strand nicks and in the

suppression of tumor metastasis (Fan et al., 2003). NDPK homo-

logues exist in plants and are likely to play a role in UV response

(Zimmermann et al., 1999). It will be interesting to investigate

whether NRP1, NRP2, and NDPK proteins are involved in the

same pathway. Phosphorylation of H2A and its variant H2A.X

rapidly occurs after DNA damage in yeast, mammals, and plants,

and histone exchange and chromatin remodeling appear to play

roles in DNA repair (Friesner et al., 2005; Jin et al., 2005; Polo and

Almouzni, 2006). NRP1 and NRP2 are, however, unlikely to be

critical in these processes since the nrp1-1 nrp2-1 mutant is pro-

ficient in repair. Specific chaperones, such as SWR1 in yeast and

TIP60 in animals, together with the INO80 nucleosome-remodeling

complex are important for DNA repair (Jin et al., 2005; Schuermann

et al., 2005; Polo and Almouzni, 2006). In contrast with fas1 and

fas2 (Schonrock et al., 2006), the nrp1-1 nrp2-1 mutant did not

show significant perturbation of expression of DNA repair genes.

The number of differentially expressed genes in the nrp1-1

nrp2-1 mutant is significantly lower than that reported in the fas1

and fas2 mutants (Schonrock et al., 2006). In addition, there is

very little overlap of the genes identified in these two categories

of mutants. It is likely that the NRP1 H2A/H2B chaperone and the

CAF1 H3/H4 chaperone act independently. Both transcriptional

repression (Shikama et al., 2000) and activation (Telese et al., 2005)

have been previously reported for animal SET/TAF-I/I2PP2A pro-

teins. Our results provide additional data on NRP1- and NRP2-

regulated gene expression of the complete Arabidopsis genome.

The genes identified in this study will provide a framework for

understanding the events that occur at these gene-specific

chromatin locations. Our observation of release of TGS in the

nrp1-1 nrp2-1 mutant and binding of NRP1 and NRP2 to

pericentromeric TSI and Ta3 suggests that NRP1 and NRP2

are also involved in heterochromatin formation.

Chromatin Remodeling in Root Development

The nrp1-1 nrp2-1 mutant has a specific short root phenotype.

This is in contrast with the majority of the mutants affecting

chromatin remodeling factors that exhibit pleiotropic pheno-

types, particularly in aerial organs of the plants. The fas1, fas2,

and bru1 mutants all show stem fasciation and abnormal phyl-

lotaxy (Kaya et al., 2001; Takeda et al., 2004). The knockout of

HIRA, a H3/H4 chaperone involved in replication-independent

nucleosome assembly, is embryo lethal. However, a decrease in

the level of HIRA resulted in dramatic modifications in leaves in

transgenic Arabidopsis (Phelps-Durr et al., 2005). A short-root

phenotype was also previously observed in the fas1, fas2, and

bru1 mutants, but the underlying molecular mechanism is not

clear. We demonstrated that expression of several transcription

factors, including GL2 and PLT2, which are important in root cell

Figure 8. NRP1 Protein Binds Histones H2A and H2B and Chromatin.

(A) Protein–protein interactions examined by pull-down assays. Frac-

tions pulled down by NRP1-coated beads from total protein extracts of

transgenic Arabidopsis plants expressing YFP, YFP:NRP1, YFP:NRP2,

H2A:YFP, H2B:YFP, or H3:YFP were analyzed by protein gel blotting with

a polyclonal anti-GFP antibody (which cross-reacts with YFP). The input

fraction represents 5% of the total protein used in pull down. The closed

and open arrowheads show the position of YFP and YFP:NRP1/

YFP:NRP2, respectively. Positions of the histone fusion proteins

H2A:YFP, H2B:YFP, and H3:YFP are indicated by asterisks.

(B) ChIP analysis of NRP1-associated chromatin at different genes.

Transgenic Arabidopsis plants expressing H2A:YFP (H) or YFP:NRP1 (N)

were analyzed with the anti-GFP antibody. The increasing number of

PCR cycles is given at the top of the lanes, and the basal number of

cycles (x) is given for each gene at the left of the panels.
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fate determination (Ohashi et al., 2003; Aida et al., 2004), are

regulated by NRP1 and NRP2. The chromatin at GL2 was recently

shown to be dynamic and reorganized upon cell division in re-

sponse to local positional information in roots (Costa and Shaw,

2006). Histone chaperones likely play important roles in this

chromatin remodeling process. Histone acetylation also is in-

volved in expression of the root patterning genes CPC, GL2, and

WER (Xu et al., 2005). Taken together, these results indicate that

chromatin assembly and remodeling contribute to the mainte-

nance of a correct pattern of gene transcription during root growth.

Understanding the epigenetic regulation of root growth is of

particular interest in view of the astonishing capacity of plants to

cope with environmental stress (Bengough et al., 2006). The

nrp1-1, nrp2-1, and nrp1-1 nrp2-1 mutants described in this

study will be useful to analyze gene expression maps to gain a

better understanding of the transcriptional circuits in the root

tissue (Birnbaum and Benfey, 2004). The H2A gene HTA1, but

not the other 12 H2A genes, was reported to be involved in

T-DNA integration during Agrobacterium tumefaciens–mediated

transformation of roots but not of flowers in Arabidopsis (Yi et al.,

2006). Additional roles of H2A/H2B in the dynamic chromatin

involved in plant growth and development likely await discovery.

Our unpublished observation reveals that single mutants of the

NAP1 group genes in Arabidopsis have no obvious phenotype.

Further analysis of double, triple, and quadruple mutants of this

group of genes will help to clarify their biological function.

METHODS

Plant Material and Growth Conditions

All Arabidopsis thaliana alleles were derived from the Columbia ecotype.

nrp1-1 and nrp2-1 alleles correspond respectively to Salk_117793 and

Salk_030348, T-DNA insertion strains from The Arabidopsis Information

Resource (http://arabidopsis.org). The double mutant nrp1-1 nrp2-1 was

obtained in our laboratory by crossing the two single mutants. In vitro

plant culture was performed on agar-solidified Murashige and Skoog

(MS) medium M0255 (Duschefa) supplemented with 0.9% sucrose at

218C under 16 h light/8 h dark.

Plant Vector Construction and Plant Transformation

The NRP1 and NRP2 cDNAs were obtained by RT-PCR using primer pairs

N5P1/N5P2 and N6P1/N6P2 (see Supplemental Table 4 online), respec-

tively. The resulting PCR products were cloned in pEYFP-EYFP vector (Yu

et al., 2004) and sequenced to confirm the absence of sequence errors

and the in-frame fusion with YFP. The YFP:NRP1 and YFP:NRP2 frag-

ments were subcloned in pER8 vector (Zuo et al., 2000) using SalII-XhoI

and SpeI restriction sites, resulting in pYFP:NRP1 and pYFP:NRP2,

respectively. The pYFP:NRP1 and pYFP:NRP2 plasmids were introduced

into Agrobacterium tumefaciens, and the resulting strains were used to

transform Arabidopsis and tobacco (Nicotiana tabacum) BY-2 cells as

described previously (Yu et al., 2003). Induction of transgene expression

from pER8-based vectors was performed according to Zuo et al. (2000),

using 4 mM estradiol.

Microscopy and Histology

Root tips were incubated in 10 mg/mL propidium iodide for 5 to 10 min and

then imaged using a Zeiss model LSM510 confocal microscope (Carl

Zeiss). Tobacco BY-2 cells were imaged as previously described (Yu

et al., 2004). For histological analysis, roots were fixed in 25 mM

phosphate buffer, pH 7.2, containing 1% glutaraldehyde, embedded in

LR White resin (EMS), and transversely sectioned at 1 mm.

RT-PCR

Total RNA was prepared using the TRIzol kit according to the manufac-

turer’s instructions (Invitrogen). Semiquantitative RT-PCR was performed

according to standard procedures using Improm-II reverse transcriptase

(Promega). Gene-specific primers used in PCR analysis are given in

Supplemental Table 4 online.

GUS Activity Assay

Histochemical GUS activity assay was performed as described (Yu et al.,

2003). Essential results were reproducibly obtained from >10 plants for

each condition.

Microarray Analyses

Wild-type and mutants seeds were germinated under the same growth

conditions. Three independently derived sets of 6-d-old seedlings, 50 to

60 plants per set, were pooled for each genotype. Total RNA was isolated

from each sample, and microarray analysis was performed as described

(Lurin et al., 2004). Briefly, cRNA was synthesized and fluorescent cDNAs

were synthesized from cRNA using cy3-dUTP and cy5-dUTP, respec-

tively, for each sample. The cy3-labeled cDNA derived from mutant

seedlings was combined with cy5-labeled cDNA derived from wild-type

seedlings and used for hybridization of the CATMA slides (Crowe et al.,

2003). Repeated hybridization was performed using combined cy5-

labeled mutant cDNA with cy3-labeled wild-type cDNA. Hybridization,

scanning of microarrays, and statistical analysis were performed as

decribed (Lurin et al., 2004). To further enrich for biologically relevant

changes linked with mutant genotype, the whole procedure was re-

peated in a second experiment with new sets of seeds. Genes were

considered as significantly perturbed in the mutant if the change was at

least 1.5-fold and the P values inferior to 0.05 from the two independent

experiments.

Bleomycin Treatment and Comet Assay

Genotoxic effect of bleomycin was evaluated by growth of plants in the

presence of the drug in the agar-solidified MS medium. For DNA repair

test, seeds were germinated on filter paper soaked in liquid MS medium.

Twelve days after germination, seedlings together with filter paper were

transferred to MS medium containing bleomycin and incubated for 1 h.

Then, they were rinsed three times in MS medium and placed on

bleomycin-free MS medium for recovery. Approximately 150 seedlings

were harvested at each assay point from three replicates of treatment and

used in RT-PCR and comet assays. Comet assay was performed using

the N/N protocol as described (Menke et al., 2001). Images of comets

were captured under a Nikon 800 epifluorescence microscope equipped

with a DXM1200 digital camera. The comet analysis was performed using

CometScore software (http://autocomet.com).

Pull-Down Assay and ChIP Analysis

The coding regions of NRP1 and NRP2 were amplified using primer pairs

N5P3/N5P4 and N6P3/N6P4 (see Supplemental Table 4 online), respec-

tively. The resulting PCR products were cloned into pET-14b vector

(Novagen) using the NdeI and BamHI restriction sites. Recombinant

protein production and pull-down assays were performed as described
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(Dong et al., 2003, 2005). The anti-GFP rabbit polyclonal antibody

(Molecular Probes) was used at a dilution of 1:5000 for protein gel

blotting. ChIP analysis was performed as described (Zhao et al., 2005).

Gene-specific primers used in ChIP analysis are given in Supplemental

Table 4 online.

Accession Numbers

Sequence data from this article can be found in the GenBank/EMBL data

libraries under accession numbers NM_001036205 (NRP1) and

NM_101738 (NRP2).
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