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Nucleosome Assembly Protein 1 (NAP1) family proteins are evolu-
tionarily conserved histone chaperones that play important roles in
diverse biological processes. In this study, we determined the crystal
structure of Arabidopsis NAP1-Related Protein 1 (NRP1) complexed
with H2A-H2B and uncovered a previously unknown interaction
mechanism in histone chaperoning. Both in vitro binding and
in vivo plant rescue assays proved that interaction mediated by
the N-terminal o-helix (xN) domain is essential for NRP1 function.
In addition, the C-terminal acidic domain (CTAD) of NRP1 binds to
H2A-H2B through a conserved mode similar to other histone chap-
erones. We further extended previous knowledge of the NAP1-
conserved earmuff domain by mapping the amino acids of NRP1
involved in association with H2A-H2B. Finally, we showed that
H2A-H2B interactions mediated by aN, earmuff, and CTAD domains
are all required for the effective chaperone activity of NRP1. Collec-
tively, our results reveal multiple interaction modes of a NAP1 fam-
ily histone chaperone and shed light on how histone chaperones
shield H2A-H2B from nonspecific interaction with DNA.
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In eukaryotic cells, chromatin is the carrier of genetic and
epigenetic information. The basic structural and functional
unit of chromatin is the nucleosome, which consists of ~146 bp
of DNA wrapped around a histone octamer containing two
H2A-H2B heterodimers and one (H3-H4), tetramer (1). The
dynamic assembly and disassembly of nucleosomes regulates,
both spatially and temporally, fundamental biological processes
such as DNA replication, transcription, and repair (2). Histone
chaperones, a large family of proteins with histone-binding ac-
tivity, play a crucial role in nucleosome assembly/disassembly by
escorting and evicting histones to and from DNA (3). In addition
to the canonical histones H2A, H2B, H3, and H4, other diverse
histone variant isoforms exist, including H2A.X, H2A.Z, H3.3,
and CenH3. Based on their affinities to different histones, his-
tone chaperones are classified as H2A/H2B type, H3/H4 type,
and specific variant type chaperones (4, 5).

Nucleosome Assembly Protein 1 (NAP1), a H2A/H2B-type
histone chaperone (3, 6-10), was first identified from HeLa cell
extracts as a histone-binding protein capable of mediating nucle-
osome assembly in vitro (11). NAP1 was later found to be evo-
lutionarily conserved in eukaryotes, including yeast, plants, and
animals (12, 13). NAP1 family proteins have a wide range of roles
in such processes as cell proliferation (14), chromosome segre-
gation (15, 16), gene expression (17, 18), DNA replication (17),
DNA repair (19), and somatic homologous recombination (20,
21). Unlike other families of histone chaperones that comprise
one or a few isoforms per organism, the NAP1 family has multiple
members in different organisms; for example, four NAPls
(NAPILI1 to NAP1L4) and one TAF-1§ (also known as SET or
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INHAT) are present in humans (13), and four NAP1s (NAP1;1 to
NAP1;4) and two NAP1-Related Proteins (NRP1 and NRP2) are
known in Arabidopsis (5). NRP1/2 and TAF-1p proteins are closely
related to yeast vacuolar protein sorting 75 (Vps75) (18) and to-
gether with Vps75 constitute a phylogenetic clade that is distinct
from the canonical NAP1 clade (12).

Determination of the first crystal structure of yeast NAP1
(ScNAP1) revealed the formation of a homodimer via its long
N-terminal a-helix (aN) (13). Crystal structures were subsequently
obtained for TAF-1p (22), Vps75 (23), and NRP1 (18). Similar to
ScNAP1, all these proteins display N-terminal homodimerization
that assumes a headphone-like structure, and their earmuff do-
mains form a central cleft for histone binding. Hydrogen—
deuterium exchange experiments have suggested that one SCNAP1
dimer can accommodate two copies of H2A-H2B (7), while 6.7 A
resolution of the crystal structure of SCNAP1 complexed with
H2A-H2B has indicated that the negatively charged surface of
ScNAP1 dimer asymmetrically interacts with single H2A-H2B
heterodimer, and that the oligomerization of SCNAP1-H2A-H2B
likely plays an essential function in the deposition of H2A-H2B
into nucleosomes (8). Recently, the crystal structure of
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Caenorhabditis elegans NAP1 (CeNAP1) in complex with H2A-
H2B has revealed that the “acidic strip” within the concave surface
of the earmuff domain is essential for H2A-H2B binding (24).
Interestingly, in addition to the stoichiometric conflict, the key
H2A-H2B interacting residues within ScCNAP1 and CeNAP1 are
not conserved in Arabidopsis NRP1, raising additional questions
about the specificity of the binding between H2A-H2B and dif-
ferent NAP1 family proteins.

In this study, we determined the crystal structure of the NRP1-
H2A-H2B complex, showing that H2A-H2B interacts with the
aN domain of NRP1, and further confirmed the biological
function of this unique interaction by both in vitro isothermal
titration calorimetry (ITC) and cross-linking analyses and in vivo
transgenic rescue experiments. Guided by the cross-linking re-
sults, we also mapped the H2A-H2B interacting interface within
the earmuff domain of NRPI1. Finally, we solved three crystal
structures of C-terminal acidic domains (CTADs) of NRP1 and
human NAP1 in complex with H2A-H2B, revealing a conserved
histone binding mode among NAP1 family proteins. In combi-
nation with histone chaperone activity assay, our structural
analyses suggest that a NAP1 family histone chaperone holds
multiple modules of interaction with H2A-H2B, thereby flexibly
shielding histones from nonspecific binding with DNA.

Results

Unique Mode of Interaction between NRP1 and H2A-H2B. Arabidopsis
NRP1 is organized into three domains: aN at the N terminus
(amino acids 19 to 77), an earmuff domain in the middle (78 to
225), and a CTAD (225 to 255) at the C terminus (Fig. 14). To
investigate the molecular basis of how NRP1 interacts with his-
tones, we purified NRP1 (residues 19 to 255) and solved the
cocrystal structure of NRP1 in complex with the H2A-H2B his-
tone global domain (H2A residues 14 to 106 and H2B residues
51 to 148) to a 3.0 A resolution by the molecular replacement
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method (Table 1). In the structure (Fig. 1B), one NRP1 homo-
dimer interacts with two H2A-H2B heterodimers, and interac-
tions between each NRP1 monomer and one H2A-H2B
heterodimer are similar. Interestingly, we found that in the
crystal lattice, two H2A-H2B heterodimers form a tetramer
through domain-swapping of H2B (SI Appendix, Fig. S1 A and
B). The o3 and aC domains of H2B are swapped between two
H2A-H2B heterodimers (SI Appendix, Fig. S1C), and the struc-
ture of the swapped H2A-H2B is identical to that of the apo
H2A-H2B (SI Appendix, Fig. S1D). Because the domain swap of
H2B occurs distal from its interface with NRP1 (Fig. 1B), it is
unlikely to perturb how NRP1 and H2A-H2B interact.

As observed in the complex structure (Fig. 1B), the positively
charged surface composed of the first helices of H2A (al) and
H2B (a1) was attracted by the negatively charged surface of the
NRP1 aN domain (Fig. 1C), thus establishing a 553-A? inter-
acting interface (as calculated with PDBePISA) (25) per inter-
acting partner. This binding mode between H2A-H2B and NRP1
mediated by the aN domain is completely different from those
reported in previous studies, which showed that the earmuff
domains of NAP1 family proteins engage in association with
H2A-H2B (7, 8, 24).

Based on the structure, we were able to identify the residues
involved in the interaction between NRP1 oN and H2A-H2B
(Fig. 24). NRP1 aN interacts with al helices of both H2A and
H2B. E36, D39, and D40 within NRP1 aN form hydrogen bonds
(H-bonds) with R31 of H2A, and D40 of NRP1 aN also interacts
with R34 of H2A. E32 of NRP1 aN forms one H-bond with H2B
T60, and E36 of NRP1 recognizes H2B Y64 via an H-bond. In
addition to these electronegative residues, the electropositive
residue K43 of NRP1 oN forms a salt bridge with ES9 of H2B.
Indicated by the low rmsd value (0.91 A over 261 pairs of Ca
atoms), the overall structure of NRP1 in the complex with H2A-
H2B is similar to the apo NRP1 structure (Protein Data Bank
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Fig. 1.

Co-crystal structure of the NRP1-H2A-H2B complex. (A) Schematic view showing the domain architectures of Arabidopsis NRP1, H2A, and H2B. (B)

Cartoon diagrams of the NRP1-H2A-H2B complex. The CTAD domain is invisible in the electron density map. For the NRP1 dimer, one NRP1 monomer is
colored in gray and the other is in bright blue (N domain) and light blue (earmuff domain). H2A and H2B are shown in yellow and red, respectively. The
domain-swapped H2B regions that form crystal lattice contacts are indicated by an oval. (C) Surface representation of NRP1 and H2A-H2B. The interaction
regions within NRP1 and H2A-H2B are marked by circles. Blue and red colors on the surface indicate positive and negative charges, respectively. The scales of
the electrostatic potential are —86.8 (red) to +86.8 KT/e (blue) for NRP1 and —73.5 (red) to +73.5 KT/e (blue) for H2A-H2B.
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Table 1. Data collection and refinement statistics

Parameter AtH2A-H2B  AtNRP1-H2A-H2B

AtNRP1-CTAD- H2A-H2B

HsNAP1- CTAD1-H2A-H2B  HsNAP1- CTAD2-H2A-H2B

Data collection

Space group P3, P22124 P2:2424 P2:2424 P242124
Cell parameter

a A 65.7 66.7 40.1 61.7 40.2

, A 65.7 128.3 62.2 62.2 62.7

¢ A 96.6 140.2 66.8 130.6 68.1

o, ° 90.0 90.0 90.0 90.0 90.0

B, ° 90.0 90.0 90.0 90.0 90.0

Y, ° 90.0 90.0 90.0 90.0 90.0
Wavelength, A 0.9785 0.9793 0.9793 0.9793 0.9793
Resolution, A 30.0-1.58 30.0-3.0 30.0-1.58 30.0-2.10 30.0-1.90
Last shell, A 1.64-1.58 3.11-3.0 1.64-1.58 2.18-2.10 1.97-1.90
Completeness, % 99.9 (99.9) 96.9 (85.0) 99.7 (99.0) 99.8 (98.5) 96.8 (90.2)
Redundancy 8.7 (7.1) 7.6 (3.6) 9.6 (7.0) 9.4 (6.3) 4.6 (3.1)
1/s(1) 42.2 (6.2) 13.9 (2.3) 28.5 (4.4) 17.5 (2.4) 13.2 (2.6)
Rmerges % 5.2 (32.1) 9.3 (39.3) 7.8 (38.2) 13.3 (56.9) 11.6 (42.4)

Refinement

Resolution, A 30.0-1.58 30.0-3.0 30.0-1.58 30.0-2.10 30.0-1.90
Rwork/Rirees % 15.5/18.6 22.3/25.8 16.2/20.0 18.6/22.6 16.8/21.6
No. of atoms

Protein 2,722 5,454 1,408 2,736 1,376

Ligand 74 24 0 6 6

Water 392 24 141 157 159
Rmsd

Bond length, A 0.018 0.006 0.012 0.011 0.010

Bond angle, ° 1.295 1.540 1.666 1.676 1.587
Ramachandran plot, %

Most favored 99.13 92.11 99.44 98.53 98.83

Additional allowed 0.87 7.89 0.56 1.47 117
PDB ID code 7BP2 7C7X 7BP6 7BP4 7BP5

Values in parentheses are for the last resolution shell.

[PDB] ID code SDAY) reported in our previous study (18).
However, compared with the apo NRP1 structure, the N ter-
minus of NRP1 aN (SI Appendix, Fig. S1E) in the complex turns
~2.5° toward H2A-H2B, and the side chains of NRP1 aN in-
volved in interactions with H2A-H2B also differ in the two
structures (SI Appendix, Fig. S1F).

To confirm the specific binding mode of NRP1 aN and H2A-
H2B, we performed cross-linking experiments to detect the in-
terface between NRP1 and H2A-H2B using discuccinimidyl
suberate and bissulfosuccinimidyl suberate under physiological
conditions (SI Appendix, Fig. S2). The cross-linking between
NRP1 and H2A-H2B resulted in the formation of a shifted band
with high molecular weight (~250 kDa) (SI Appendix, Fig. S24).
To identify the cross-linked sites, we digested the cross-linked
NRP1-H2A-H2B and analyzed the cross-linked peptides by mass
spectrometry. Within the aN domain of NRP1, K43 was linked
to K37 of H2A and K47 was linked to K109 of H2B (Fig. 2B and
SI Appendix, Fig. S2B), which is consistent with our crystal
structure analysis. Together, the crystal structure and cross-
linking analyses support that NRP1 aN interacts with H2A-
H2B in vitro.

To further determine the binding affinity between NRP1 oN
and H2A-H2B, we performed isothermal titration calorimetry
(ITC) experiments (Fig. 2C). We found that the full-length
NRP1 (amino acids 1 to 255) and truncated NRP1 (amino
acids 19 to 225) display the same binding affinity to H2A-H2B
with an equilibrium dissociation constant (K4) value of 0.16 uM.
Compared with NRP1 19 to 225, the earmuff domain of NRP1
(amino acids 78 to 225) alone showed a decreased binding af-
finity to H2A-H2B with a Ky value of 0.72 uM, indicating that the
aN domain of NRP1 (amino acids 19 to 77) contributes to H2A-
H2B binding. Indeed, NRP1 19 to 77 alone binds to H2A-H2B

Luo et al.

with a Ky value of 1.93 pM, while the quadruple mutation NRP1
19 to 77 mN (NRP1 19 to 77 E36A/D39A/D40A/K43A) almost
completely disrupted the interaction between aN and H2A-H2B,
showing that these four amino acids are essential for the inter-
action between NRP1 aN and H2A-H2B. Size exclusion chro-
matography with multiangle light scattering and circular
dichroism (CD) spectroscopy analyses showed that both NRP1
19 to 77 and NRP1 19 to 77 mN form dimers and present a
proper folding in solution (SI Appendix, Fig. S3 A and B). The
binding affinities of NRP1 19 to 77 (aN domain) and NRP1 78 to
225 (earmuff domain) to H2A-H2B are much lower than those
of NRP1 19 to 225 containing both aN and earmuff domains
(Fig. 2C), suggesting that a cooperation of different domains
may exist in the interaction between NRP1 and H2A-H2B.
Plant rescue experiments were performed to analyze whether
the interaction between NRP1 aN and H2A-H2B is important
for the function of NRP1 in vivo. Consistent with our previous
study (14), the short root phenotype of nrpl-1 nrp2-1 double
mutant could be rescued by overexpressing enhanced yellow
fluorescent protein (EYFP)-tagged full-length WT NRP1 1 to
255 (Fig. 2 D-F). In contrast, the EYFP-tagged NRP1 mN mu-
tant (NRP1 1 to 255 E36A/D39A/D40A/K43A; SI Appendix,
Table S1) failed to rescue the phenotype of the nipl-1 nip2-1
mutant, even though the expression levels of NRP1 and NRP1
mN proteins are similar in the transgenic plants (Fig. 2 D-F).
Taken together, our results prove that the novel interaction
mode between H2A-H2B and NRP1 mediated by aN domain is
essential for the function of NRP1 in vitro and in vivo.

Interaction between the NRP1 Earmuff Domain and H2A-H2B. In

addition to the aN domain, cross-linking analysis showed that the
earmuff domain of NRP1 also binds to H2A-H2B (Fig. 2B),
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Fig. 2. Binding to H2A-H2B mediated by the aN domain is important for the biological function of NRP1. (A) The detailed interactions observed in the
NRP1-H2A-H2B complex. The hydrogen bonds are indicated by black dashed lines. (B) Cartoon schedule of the cross-linked sites between NRP1 and H2A-H2B.
The linked sites of NRP1-H2A and NRP1-H2B are connected by green and blue lines, respectively. (C) ITC results showing the binding affinities between H2A-
H2B (20 pM) and NRP1 1 to 255 (full-length NRP1; 800 uM), NRP1 19 to 225 (NRP1 aN plus earmuff domains; 600 pM), NRP1 78 to 225 (NRP1 earmuff domain;
300 pM), NRP1 19 to 77 (19-77 WT, wild-type NRP1 aN domain; 600 uM), and NRP1 19 to 77 E36A/D39A/D40A/KA3A (19 to 77 mN; 600 uM). The integrated
heats of each injection were fitted to a one-site binding model (solid line), and the dissociation constants (K,) are shown. (D) The phenotypes of WT, nrp1-1
nrp2-1 double mutant, and transgenic Arabidopsis plants expressing EYFP fused NRP1 1 to 255 (NRP1 WT) or mutated NRP1 within aN (NRP1 mN: NRP1 1 to
255 E36A/D39A/D4A0A/KA3A) in nrpl-1 nrp2-1 background, respectively (Scale bar: 0.5 cm). NRP1 mN-1 and NRP1 mN-2 are two independent Arabidopsis
transgenic lines. (E) The expression levels of EYFP fused proteins in the plants of D were detected with anti-GFP antibody. (F) The statistics of the root length

of the plants in D. ***P < 0.001; n.s., nonsignificant (P > 0.05).

which was confirmed by ITC experiments (Fig. 2C) and consis-
tent with previous studies showing that some NAP1 family pro-
teins interact with H2A-H2B through their earmuff domains (7,
8, 24). However, structural superposition and sequence align-
ment revealed significant differences between the earmuff do-
mains of NRP1 and other NAP1 proteins (Fig. 34 and SI
Appendix, Fig. S4). For example, NRP1 lacks the corresponding
histone binding surface observed in the CeNAP1-H2A-H2B
complex (Fig. 34). Previous studies showed that a single muta-
tion in NAPI1 proteins has a limited effect on their histone-
binding activities (8, 22). Therefore, guided by the cross-linking
analysis (Fig. 2B) and the crystal structure (Fig. 3B), we con-
structed several mutant proteins of NRP1 in which two or three
residues close in space were simultaneously substituted by Ala.
ITC analysis showed that K115/D116/K118 and E213/D214 sites
are essential for binding of the NRP1 earmuff domain to H2A-
H2B, whereas the E146/E147/K151 and K104/Y105 sites had a
moderate effect and an unobvious effect on H2A-H2B binding,
respectively (Fig. 3C). CD spectroscopy analysis supported a
proper folding of these mutant proteins of NRP1 earmuff do-
main (SI Appendix, Fig. S3C). The K115/D116/K118 site locates
at loop L1, which connects sheets p1 and p2, and the E213/D214
site exits at the terminus of helix a5, indicating that the key resi-
dues involved in interacting with H2A-H2B in the NRP1 earmuff
domain are different from those in NAP1 proteins (Fig. 3C and S/
Appendix, Fig. S4). Based on these observations, we constructed
NRP1 mutant proteins within earmuff domain only (NRP1 19 to
225 mE, NRP1 19 to 225 K115A/D116A/K118A/E213A/D214A)
and within both aN and earmuff domains (NRP1 19 to 225 mNE,

30394 | www.pnas.org/cgi/doi/10.1073/pnas.2011089117

NRP1 19 to 225 E36A/D39A/D40A/K43A/K115A/D116A/
K118A/E213A/D142A). CD spectroscopy analysis supported a
proper folding of the foregoing mutant proteins of NRP1 19 to
225 (SI Appendix, Fig. S3D). Compared with that of WT NRP1 19
to 225 (K4 = 0.16 pM; Fig. 2C), the H2A-H2B binding affinities of
NRP1 19 to 225 mE (K4 = 1.66 pM) and NRP1 19 to 225 mNE
(Kq = 11.86 pM) showed approximately 10-fold and 70-fold de-
creases, respectively (SI Appendix, Fig. S5), supporting that both
aN domain and earmuff domain contribute to the interaction
between NRP1 and H2A-H2B.

NRP1 CTAD Domain Interacts with H2A-H2B through a Conserved
Histone-Binding Motif. Although our previous study showed that
NRP1 CTAD (amino acids 225 to 255) contributes to H2A-H2B
binding and is important for the function of NRP1 in planta (18),
the CTAD domain was disordered in the NRP1-H2A-H2B
complex. Our ITC results showed that NRP1 19 to 225 lacking
CTAD shares the same H2A-H2B-binding affinity as the full-
length NRP1 1 to 255, but the stoichiometry of NRP1 to H2A-
H2B decreases to 4, and that of NRP1 1 to 255 is 6 (Fig. 2B),
indicating that the lack of CTAD affects the interaction between
NRP1 and H2A-H2B. To reveal how NRP1 CTAD interacts with
H2A-H2B, we solved the structure of H2A-H2B in complex with
CTAD peptide D226-F232 (SI Appendix, Table S2). All seven
residues (D226 to F232) of CTAD are well ordered in the coc-
rystal structure and engage H2A 12 and H2B L1 (Fig. 44), and
electronegative residues D228, E229, E230, and D231 within
NRP1 CTAD are cocooned by the positively charged groove of
H2A-H2B (SI Appendix, Fig. S64). The contact interface between
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Fig. 3. Mapping the key residues within NRP1 earmuff domain involved in H2A-H2B binding. (A) Structural superposition between Arabidopsis NRP1 and the
CeNAP1-H2A-H2B complex. Ce, C. elegans. (B) The detailed orientations of K104, K115, and K151 and the residues close to them within the NRP1 earmuff
domain (NRP1 78 to 225). (C) The residues close to K104, K115, and K151 were mutated in NRP1 78 to 225, resulting in NRP1 78 to 225 K104A/Y105A, NRP1 78
to 225 K115A/D116A/K118A, NRP1 78 to 225 E146A/E147A/K151A, and NRP1 78 to 225 E213A/D214A. The binding affinities between H2A-H2B (20 pM) and
NRP1 78 to 225 mutant proteins (400 pM) were measured by ITC. Titrations were carried out using an initial injection volume of 0.5 pL (omitted from the

analysis), followed by 20 injections of 2 pL each.

NRP1 CTAD and H2A-H2B is 703 A% As shown in Fig. 4B, D228
assembles like a cap and covers H2B at the N terminus of helix o2;
the main chain O atom of D228 forms one direct H-bond with the
main chain N atom of H2B K81 and one water-mediated H-bond
with the side chain OG atom of H2B S79. E229 forms two
H-bonds with H2A R79: one (2.9 A) between the main chain O
atom of E229 and the NH2 atom of H2A R79 and the other (2.9
A) between the side chain OE2 atom of E229 and the NH1 atom
of H2A R79. H2A R79 also interacts with the side chain OD1
atom of D231 by an H-bond (2.9 A). In addition, E230 interacts
with H2B, forming one H-bond (2.9 A) between its main chain O
atom and the N atom of H2B S80. Similar to E230, F232 also
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interacts with H2B, and its main chain N atom forms one H-bond
(2.9 A) with the main chain O atom of H2B I78. The side chain of
F232 projects into the hydrophobic pocket, which is composed of
H2B F66, 178, and M83, and interacts with H2B M83 by extensive
hydrophobic interaction.

ITC experiments further confirmed that NRP1 CTAD binds
to H2A-H2B with a K, value of 1.85 pM, while the mutations on
E229, D231, or F232 decrease this interaction (SI Appendix, Fig.
S6B). The NRP1 CTAD-interacting residues within H2A-H2B are
highly conserved in eukaryotes (SI Appendix, Fig. S6C) and display
similar conformations in their crystal structures (SI Appendix, Fig.
S6D). In addition, the NRP1 CTAD residues involved in H2A-H2B
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Fig. 4. The conserved binding mode between H2A-H2B and CTAD domains of NAP1 family proteins. (A) The overall structure of the NRP1 CTAD (226 to 232)
in complex with H2A-H2B. (B) H-bonds and hydrophobic interactions between key residues within NRP1-CTAD and H2A-H2B. The H-bonds are indicated by
black dashed lines. (C and D) The structure of the HsNAP1 CTAD-1 (C) and HsNAP1 CTAD-2 (D) in complex with H2A-H2B. Hs. Homo sapiens. (E) Structural
superposition of NRP1 CTAD with HsNAP1 CTAD-1 and HsNAP1 CTAD-2. The key resides are marked as Cap, Claw, and Anchor.

binding are also conserved in NAP1 family proteins and other
histone-binding proteins, and here we named the conserved motif
Cap-Claw-Anchor (cap residue: E, D, or S; claw residue: D or E;
anchor residue: Y or F) (81 Appendix, Fig. SOE), which is in line with
the previous study (26). Human NAP1 (HsNAP1) protein contains
two CTAD domains, which we term CTAD-1 (E348 to Y354) and
CTAD-2 (E371 to Y377), reported to play important roles in H2A-
H2B binding in a previous study (10). We then solved the complex
structures of both HsCTAD-1-H2A-H2B and HsCTAD-2-H2A-
H2B at high resolution (Table 1 and SI Appendix, Table S2),
showing that the overall conformations of the two complexes are
nearly identical or highly similar to that of NRP1-CTAD-H2A-H2B
(Fig. 4 C-E and SI Appendix, Fig. S6 F and G). In addition to NAP1
family proteins, structural analysis showed that many other histone
chaperones, such as ANP32E, Sptl6, and YLI, and histone
remodeling factor SWRI1 interact with histones through the
Cap-Claw-Anchor motif (SI Appendix, Fig. S6 H-L). Taken to-
gether, our data indicate that NRP1 CTAD binds to H2A-H2B via
a motif conserved in NAP1 family proteins.
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oN, Earmuff, and CTAD Domains of NRP1 Are all Required for
Chaperoning Histones H2A-H2B. Within a nucleosome, DNA inter-
acts with H2A-H2B at three different interfaces (SI Appendix, Fig.
S7A4): DNA interface 1 (IF1), IF2, and IF3, consisting of helix al
of H2A and helix a1 of H2B, H2A L1 and H2B L2, and H2A 1.2
and H2B L1, respectively (1). Interestingly, structural analysis
showed that the aN domain of NRP1 just binds to IF1 of H2A-
H2B, and NRP1 CTAD interacts with IF3 (S Appendix, Fig. STB).
To investigate whether the NRP1 earmuff domain interacts with
the histone-DNA interfaces, we performed ITC experiments. The
ITC data showed that only the mutation within IF2 of H2A-H2B
decreased the interaction between the NRP1 earmuff domain and
H2A-H2B, indicating that the NRP1 earmuff domain binds to IF2
but not to IF1 or IF3 (SI Appendix, Fig. S7C and Table S1). CD
spectroscopy analysis supported a proper folding of H2A-H2B
mutant proteins in solution (SI Appendix, Fig. S3E). Together,
these results suggest that the aN, earmuff, and CTAD domains
may all contribute to NRP1 function, since they bind to different
DNA interfaces of H2A-H2B.
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To investigate how the oN, earmuff, and CTAD domains
contribute to NRP1 activity in chaperoning histones H2A-H2B,
we performed electrophoretic mobility shift assay (EMSA) ex-
periments to test NRP1 nucleosome assembly activity, using (H3-
H4),-DNA tetrasomes and H2A-H2B as the substrates. While
increasing H2A-HB alone failed to promote nucleosome for-
mation from tetrasomes (Fig. 54, lanes 1 to 6), the presence of
WT NRP1 in the reaction resulted in a decrease of tetrasomes
and an accumulation of nucleosomes following the increase of
H2A-H2B (Fig. 54, lanes 7 to 10), indicating that NRP1 func-
tions as an H2A-H2B chaperone. Compared with WT NRP1, the
NRP1 mN, NRP1 mE, and NRP1 mC mutants (SI Appendix,
Table S1) all showed decreased activity to promote H2A-H2B
deposition with (H3-H4),-DNA tetrasomes in nucleosome for-
mation (Fig. 54, lanes 11 to 22). CD spectroscopy analysis sup-
ported a proper folding of NRP1 mutant proteins in solution (S
Appendix, Fig. S3F). A plasmid supercoiling assay also consistently
showed that NRP1, but not NRP1 mN, NRP1 mE, or NRP1 mC
mutants, displayed histone chaperone activity (Fig. 5B). Based on
these results, we conclude that the aN, earmuff, and CTAD do-
mains are all required for the nucleosome assembly activity
of NRP1.

Our previous study found that NRP1 can also promote nu-
cleosome disassembly in the transcriptional activation of target
genes in planta (18). Thus, we performed further EMSA ex-
periments to test how the aN, earmuff, and CTAD domains
contribute to the histone-binding and nucleosome disassembly
activities of NRP1 (SI Appendix, Fig. S8). Incubation with in-
creasing amounts of NRP1 led to efficient release of H2A-H2B
from the DNA-H2A-H2B aggregates (SI Appendix, Fig. S8A),
indicating that NRP1 shields H2A-H2B and blocks their inter-
action with DNA. In comparison, NRP1 mN, NRP1 mE, and
NRP1 mC mutants (SI Appendix, Table S1) all showed a reduced
efficiency of H2A-H2B release (SI Appendix, Fig. S84), indi-
cating that the aN, earmuff, and CTAD domains all contribute
to histone binding. To test the nucleosome disassembly activity
of NRP1, we used a 229-bp fragment containing a core 146-bp
Widom 601 DNA segment at the central and purified Arabi-
dopsis core histones to reconstitute the recombinant nucleo-
somes. However, we could not detect an obvious histone
disassembly activity when adding NRP1 into the nucleosomes (S
Appendix, Fig. S8B). A previous study showed that yeast NAP1
alone hardly removed histones from nucleosomes, and that the
nucleosome disassembly capacity of yeast NAP1 was significantly
increased in the presence of the chromatin remodeling complex
(RSC) (27), because RSC and SWI2/SNF?2 family helicases can
mobilize nucleosome in an ATP-dependent manner (28, 29). A
Decrease in DNA Methylation 1 (DDM1), a member of the
Arabidopsis SWI2/SNF2 family, is reported to induce nucleo-
some reposition (30). Thus, we performed the nucleosome dis-
assembly activity experiments in the presence of DDM1 and
found that incubation with increasing amounts of NRP1 can evict
H2A-H2B from the nucleosomes and generate increasing
amounts of DNA-H2A-H2B complexes, while the properly
folded mutants of NRP1 mN, NRP1 mE, and NRP1 mC cannot
(81 Appendix, Fig. S8 B—-D and Table S1), indicating that the aN,
earmuff, and CTAD domains are all essential for the nucleo-
some disassembly activity of NRP1. Taken together, our results
demonstrate that the aN, earmuff, and CTAD domains are all
required for the effective H2A-H2B chaperone activity of NRP1.

Discussion

In this study, we identified three modes of interaction between
NRP1 and H2A-H2B. The crystal structure of the NRP1-H2A-
H2B complex reveals a previously unknown histone-binding
mode mediated by the N-terminal o helix for NAP1 family his-
tone chaperones. Cross-linking and ITC analyses confirmed that
NRP1 earmuff domain also interacts with H2A-H2B as CeNAP1
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does. The crystal structures of CTAD domains of NRP1 and
human NAP1 in complexes with H2A-H2B show a conserved
histone binding mode among H2A-H2B chaperones. In this way,
the histone chaperone NRP1 is able to efficiently and flexibly
bind to H2A-H2B and compete with nonspecific electrostatic
histone-DNA interactions. Together, our results provide valu-
able insights into the molecular basis of how an NAP1 family
member functions as histone H2A-H2B chaperone in higher
eukaryotes.

Even though the overall structures of NRP1 and NAP1 are
similar, they show significant differences in histone recognition.
CeNAP1 and ScNAP1 mainly use the acidic strips within the
earmuff domain (SI Appendix, Fig. S9 A and B) to interact with
H2A-H2B. The surface of NRP1 aN also contains an acidic strip
formed by consecutive negatively charged residues in space (S
Appendix, Fig. S9 C and D), and this acidic strip is important for
H2A-H2B binding (Fig. 24). However, such an acidic strip is not
present in the aN domains of CeNAP1 and ScNAP1 (SI Ap-
pendix, Fig. S9 A and B). The aN and earmuff domains of NRP1
are closely connected (SI Appendix, Fig. S4), whereas the two
domains in NAP1 are connected by a longer linker, which buries
the H2A-H2B binding surface within NRP1 oN (SI Appendix,
Fig. SOE). The earmuff domain of NRP1 is smaller than those of
CeNAP1 and ScNAP1 and lacks the histone-binding sites ob-
served in the concave surface of the CeNAP1-H2A-H2B com-
plex (Fig. 34 and SI Appendix, Fig. S9 A and B). The key residues
within the NRP1 earmuff domain involved in histone binding
(Fig. 3 B and C) are distinct from those in the concave surface of
NAPI1 (8, 24). Consistent with their structural differences, NRP1
and NAP1 have different functions in Arabidopsis. For example,
the nrpl-1 nrp2-1 double mutant, which lacks the redundant
NRPI and NRP2 genes, displays obvious defects in root and root
hair development (14, 18), while the quadruple mutant lacking
four NAPI genes shows no obvious defects during plant growth
and development under normal conditions (19, 20, 31, 32).

Different from the aN and earmuff domains, the CTAD domain
of NRP1 binds to H2A-H2B in a conserved manner. CTAD do-
mains of NAP1 family proteins are flexible and rich in acidic resi-
dues, and both NRP1 and human NAP1 bind to H2A-H2B via a
conserved Cap-Claw-Anchor motif. In addition to NAP1 family
proteins, we note that histone chaperones ANP32E, Sptl16, YLI,
and chromatin remodeling factor SWR1 all bind to H2A-H2B via
the conserved Cap-Claw-Anchor motif (SI Appendix, Fig. S6 H-L),
suggesting that the CTAD-binding mode is probably conserved in
H2A-H2B binding proteins. Thus, the Cap-Claw-Anchor motif in
the acidic region may act as a marker for H2A-H2B binding, which
will help us to identify more H2A-H2B binding proteins.

Our EMSA experiments showed that NRP1 can efficiently
remove H2A-H2B from DNA-H2A-H2B aggregates, but NRP1
alone is insufficient for evicting H2A-H2B from the nucleosome
(Fig. 5). Previous work has demonstrated that the C-terminal
docking segment of H2A and the conserved H2B repression
region (HBR) (SI Appendix, Fig. S7B) are important for tying
H2A-H2B to the nucleosome (33). We suspect that sequestering
the H2A-docking segment and HBR may help remove histones
from the nucleosome more efficiently; for example, the histone
chaperone FACT contains SSRP1 and SPT16 subunits, which
display extensive interactions with histones. Indeed, the structure
of SPT16-H2A-H2B shows that the hMid domain of SPT16 oc-
cupies the H2A-docking surface of the nucleosome and com-
petitively binds to the H2B HBR, promoting eviction of histones
from the nucleosome (34). Moreover, the H2A.Z-specific
chaperone ANP32E can directly remove H2A.Z-H2B dimer
from the nucleosome by squeezing out the H2A.Z-docking seg-
ment from the H3-H4 surface (35). Compared with FACT and
ANP32E, NRP1 does not directly interact with the H2A-docking
segment or H2B HBR according to our cross-linking and
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aN, earmuff, and CTAD domains are all required for chaperoning histones H2A-H2B. (A) Nucleosome assembly activities of NRP1 and NRP1 mutants

were detected using (H3-H4),-DNA tetrasomes as the substrates. Lanes 1 and 2 are tetrasomes and nucleosomes, respectively. Tetrasomes were mixed with
increasing H2A-H2B (0.06, 0.12, 0.18, and 0.24 pM; lanes 3 to 6), with WT NRP1 (1 uM) and increasing H2A-H2B (lanes 7 to 10), and with NRP1 mutant (1 pM)
and increasing H2A-H2B (lanes 11 to 22). (B) Histone chaperone activities of NRP1 and NRP1 mutants were measured by plasmid supercoiling assay. Lanes 1
and 2 show untreated supercoiled plasmids and relaxed plasmids treated by topoisomerase |, respectively. Relaxed plasmids were mixed with core histones
(lane 3), with both core histones and WT NRP1 (lane 4), and with both core histones and NRP1 mutants (lanes 5 to 7). Relaxed and supercoiled plasmids are

indicated as R and S, respectively.

structural analyses, which may explain the weak nucleosome
disassembly activity of NRP1.

Several factors may be able to loosen the H2A-docking seg-
ment or detach the H2B HBR from the nucleosome during the
DNA transaction process within chromatin. First, the DNA
torsional strain processed by the polymerase can peel the
histone-DNA interaction within nucleosomes (36-38). Second,
the histone chaperones, such as FACT, compete with the H2A-
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docking domain and detach H2B HBR from the nucleosome,
creating a space between histones and nucleosomal DNA (34).
Third, ATP-dependent chromatin remodeling factors, such as
RSC and SWI/SNF, can destroy the histone-DNA interaction
within the nucleosome and generate DNA loops or bulges (29,
39-41). Such destruction may provide a space and promote the
exposure of the NRP1-binding surface, triggering NRP1 invasion
into the nucleosome. Like yeast NAP1, which efficiently peels
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histones from nucleosomes in the presence of RSC (27), our
results suggest that adding ATP-dependent remodeling factor
DDM1 will promote NRP1 to remove H2A-H2B from nucleo-
somes in vitro. Space creation between histones and DNA is
probably important for the NRP1 activity of removing H2A-H2B
from the nucleosome. Further research to analyze how NRP1
functions together with other histone chaperones or chromatin
remodeling complexes will be interesting and important.

Methods

NRP1, Arabidopsis histones, and their mutant proteins were all expressed in
Escherichia coli strain BL21 (DE3) and purified by affinity/cation exchange
columns and size exclusion chromatography. Diffraction data of crystals
were collected at the Shanghai Synchrotron Radiation Facility. Isothermal
titration calorimetry (ITC) experiments were performed at 25 °C using a
MicroCal iTCyg0 microcalorimeter. Electrophoretic mobility shift assay (EMSA)
experiments were performed to test histone competition, nucleosome
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