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C-terminal acidic domain of histone chaperone human
NAP1 is an efficient binding assistant for histone H2A-H2B,

but not H3-H4
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Nucleosome assembly protein 1 (NAP1) binds both the (H3-H4), tetramer and two H2A-H2B
dimers, mediating their sequential deposition on DNA. NAP1 contains a C-terminal acidic
domain (CTAD) and a core domain that promotes dimer formation. Here, we have investi-
gated the roles of the core domain and CTAD of human NAP1 in binding to H2A-H2B and
H3-H4 by isothermal calorimetry and native mass spectrometry and compared them with the
roles of yeast NAP1. We show that the hNAP1 and yNAP1 dimers bind H2A-H2B by two dif-
ferent modes: a strong endothermic interaction and a weak exothermic interaction. A mutant
hNAPI1, but not yNAP1, dimer lacking CTAD loses the exothermic interaction and shows
greatly reduced H2A-H2B binding activity. The isolated CTAD of hNAP1 binds H2A-H2B
only exothermically with relatively stronger binding as compared with the exothermic interac-
tion observed for the full-length hNAP1 dimer. Thus, the two CTADs in the hNAP1 dimer
seem to provide binding assistance for the strong endothermic interaction of the core domain
with H2A-H2B. By contrast, in the relatively weaker binding of hNAP1 to H3-H4 as com-
pared with yNAP1, CTAD of hNAP1 has no significant role. To our knowledge, this is the
first distinct role identified for the hNAP1 CTAD.

Introduction

In eukaryotes, DNA is stably stored in the highly
ordered structure, chromatin. The fundamental
repeating structural unit within chromatin is the
nucleosome, which comprises approximately 146 bp
of DNA wrapped around a histone octamer, consist-
ing of two dimers of H2A-H2B and one tetramer of
(H3-H4), (Luger 2003). The nucleosome is assem-
bled in a stepwise manner: First, the (H3-H4), tetra-
mer is deposited onto DNA, and then, two
heterodimers of H2A-H2B are added to complete
the nucleosome (Akey & Luger 2003). Histone chap-
erones are necessary for assembly and disassembly of
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the nucleosome and therefore play important roles in
several cellular processes such as chromatin remodel-
ing, cell cycle control, DNA replication and tran-
scription (De Koning ef al. 2007; Eitoku et al. 2008).
Nucleosome assembly protein 1 (NAP1) was origi-
nally identified from HelLa cell extracts (Ishimi ef al.
1984) as a factor mediating nucleosome assembly
in vitro. Several lines of evidence have suggested that
NAP1 in cooperation with the histone acetyltrans-
ferase CBP/p300 regulates the gene expression pro-
gram by changing chromatin structure (Shikama et al.
2000; Asahara et al. 2002; Luebben et al. 2010); how-
ever, it is currently unclear how NAP1 brings about
these changes. NAP1 is highly conserved from
human to yeast, and the biochemical activities of
NAP1 as a histone chaperone have been extensively
characterized using the yeast NAP1 (yNAP1) protein.
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yNAP1 binds strongly to both the (H3-H4), tetramer
and two H2A-H2B dimers in vitro with Kd values of
approximately 10 nm (Andrews ef al. 2010) and
mediates their sequential deposition on DNA. NAP1
also disassembles nucleosomes by removing H2A-
H2B in an ATP-independent manner (Ito et al. 2000;
Park e al. 2005; Kimura et al. 2006). When mixed
with the ATP-dependent remodeling factor, RSC,
yNAP1 mediates the complete removal of histones
from nucleosomes (Lorch et al. 2006). In addition,
yNAP1 binds to H2A.Z-H2B and replaces H2A-
H2B in nucleosomes with H2A.Z-H2B (Mizuguchi
et al. 2004; Park et al. 2005). Furthermore, thermo-
dynamic analyses have shown that yNAP1 promotes
nucleosome assembly by preventing random binding
of H2A-H2B to DNA (Andrews et al. 2010).

NAP1 proteins form homo- and heterodimers
through the conserved central region (Park & Luger
2006; Attia et al. 2011), and the arch-like shaped
yNAP1 dimer is suggested to bind histones using the
acidic surface of the dimer (D’Arcy ef al. 2013).
However, the solution structure of yNAP1 is compli-
cated; under high salt conditions, yNAP1 predomi-
nantly exists as a dimer, whereas under physiological
salt conditions, it forms multimers including dimers,
tetramers, octamers and hexadecamers (McBryant &
Peersen 2004; Toth et al. 2005; Noda et al. 2011;
Bowman et al. 2014). In addition, the exact binding
stoichiometry of yNAP1 to H2A-H2B seems to be
controversial because yNAP1 dimer has been shown
to bind either one (Toth et al. 2005) or two (D’Arcy
et al. 2013) H2A-H2B heterodimers. Xenopus laevis
NAP1 (xNAP1) has also been found to form multi-
mers with histones H2A-H2B and H3-H4 at a stoi-
chiometry of one xXNAP1 dimer to one histone fold
dimer (Newman et al. 2012).

The C-terminal acidic domain (CTAD) of NAP1
was shown to contribute to its stable histone binding
(Andrews et al. 2008) and to the eviction of H2A-
H2B dimers from the nucleosome (Park et al. 2005;
Park & Luger 2006); however, yNAP1 CTAD is not
required for nucleosome assembly (Fujii-Nakata et al.
1992; Park & Luger 2006). We have previously
shown that a CTAD deletion mutant of hNAP1
showed significantly lower nucleosome assembly
activity than wild type, indicating that the mecha-
nisms underlying the histone binding and nucleosome
assembly of hNAP1 are different from those of
yNAP1 (Okuwaki ef al. 2010). Although hNAP1
shows both histone binding and nucleosome assembly
activities similar to yNAP1, its biochemical parame-
ters for histone binding and preference for H2A-H2B
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dimers or (H3-H4), tetramers, and stoichiometry of
histone binding remain elusive.

Here, we have investigated the roles of the core
domain and CTAD of hNAP1 in binding to H2A-
H2B and H3-H4 by isothermal calorimetry (ITC)
and native mass spectrometry (MS) (Benesch ef al.
2007; Heck 2008; Azegami et al. 2013) and com-
pared them with the roles of yNAP1. We show that
hNAP1 and yNAP1 dimers strongly and sequentially
bind two H2A-H2B heterodimers as first and second
H2A-H2B heterodimers by two different modes:
exothermically and endothermically. Notably, an
hINAP1 mutant lacking CTAD weakly binds a single
H2A-H2B heterodimer and then partially binds a
nonstabilized H2A-H2B heterodimer only by the
endothermic mode, whereas the corresponding
yNAP1 mutant strongly and sequentially binds two
H2A-H2B heterodimers by the two different modes,
similar to full-length yNAP1. In addition, the isolated
CTAD of hNAP1, but not the yNAP1 CTAD, can
bind to a single H2A-H2B heterodimer exothermi-
cally. This suggests that the CTADs of hNAP1, but
not those of yNAP1, act as a binding assistant for
H2A-H2B. In contrast, the hNAP1 dimer binds sin-
gle and double H3-H4 heterodimers without the
contribution of the CTADs.

Results

hNAP1 uses two modes to interact with H2A-
H2B, but a single mode to interact with H3-H4

We prepared full-length hNAP1 (hNAP1"™, amino
acids 1-391), a CTAD deletion mutant (hNAP1AC,
amino acids 1-344), an N-terminal deletion mutant
(hNAP1AN, amino acids 49-391) and the isolated
CTAD (amino acids 349-381). ITC experiments
showed that hNAP1™ bound H2A-H2B by two dif-
ferent modes, endothermically (heat absorption) and
exothermically (heat release) (Fig. 1A). The Kd value
of the endothermic interaction was approximately
10 nm, whereas that of the exothermic interaction
was over 1000 nm (Table 1); thus, the endothermic
interaction seems to be the essential mode of binding
between hNAP1 and H2A-H2B. Similar to
hNAP1"™, hNAP1AN bound strongly to H2A-H2B
by exothermic and endothermic binding modes
(Fig. 1B). In contrast, hNAP1AC lost the exothermic
interaction and showed greatly reduced H2A-H2B
binding activity with a Kd value for the endothermic
interaction of approximately 300 nm (Fig. 1C,
Table 1). Thus, the two CTADs in the hNAP1
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dimer contribute to exothermic binding to H2A-
H2B and also enhance the endothermic binding of
the core domain. In fact, the isolated CTAD bound
H2A-H2B only exothermically (Fig. 1D), although
the Kd value of 80 nm indicated relatively stronger
binding as compared with the exothermic interaction
observed for hNAP1". Thus, both CTADs in the
hINAP1 dimer seem to act cooperatively to provide
binding assistance for the endothermic interaction of
the core domain.

Similarly, yNAP1 (yNAP1™, amino acids 1-417)
bound to H2A-H2B by exothermic and endothermic
modes (Fig. S1 and Table S1 in Supporting Informa-
tion); however, a yNAP1 mutant lacking CTAD
(yNAP1AC, amino acids 1-365) still showed both
binding modes to H2A-H2B with binding activities
similar to those of the full-length protein. In the case
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of yNAP1, maybe because of its equilibrium between
oligomers, a quantitative estimation of Kd values was
difficult from the present ITC curves; however, both
binding curves seemed to be similar, suggesting that
the CTAD of yNAP1 does not play a significant role
in binding to H2A-H2B. This corresponds well with
previous studies, which showed that the binding
activity of yNAP1 to H2A-H2B remained similar
after deletion of the CTAD (Andrews et al. 2008).
Similarly, yNAP1 showed strong binding to H3-
H4 by exothermic and endothermic modes (Fig. S1
and Table S1 in Supporting Information). It has been
well established that yNAP1 binds strongly to H3-H4
with a Kd value of approximately 10 nm similar to
that for H2A-H2B binding (Andrews et al. 2010). In
contrast, ANAP1 bound H3-H4 only endothermically
with a Kd value of approximately 200 nm (Fig. 1E,
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Figure 1 ITC binding curves for the interactions of hNAP1 and its derivatives with H2A-H2B (A-D) and H3-H4 (E-H). (A-H)
Top panels show the raw data, and bottom panels show the fitted binding isotherms, as summarized in Table 1.
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Table 1 Properties of the interaction between H2A-H2B or H3-H4 and hNAP1 derivatives

Proteins or peptides Kd (nm) Error AH (kJ/mol) Error TAS (kJ/mol) AG (kJ/mol)
hNAP1™ (1-391)/H2A-H2B Site 1 12.9 2.3 26.2 2.4 70.5 —44.3

Site 2 1664 971 —42.4 2.1 —10.0 —32.4
hINAP1 AN (49-391)/H2A-H2B Site 1 17.7 4.3 13.8 0.4 57.3 —43.5

Site 2 1056 373 —53.2 7.6 —19.7 —33.5
hNAP1 AC (1-344)/H2A-H2B 283 56.9 72.4 9.4 109.1 —36.7
CTAD (349-381)/H2A-H2B 78.1 21.6 —40.1 2.5 —0.2 —39.9
hNAP1™ (1-391)/H3-H4 180 40.3 50.2 7.4 88.0 —37.8
hNAP1 AN (49-391)/H3-H4 157 56.6 46.6 2.3 84.8 —38.2
hINAP1 AC (1-344)/H3-H4 95.5 31.8 80.8 0.7 120.2 —39.4
CTAD (349-381)/H3-H4 N.D.
Table 1). Similarly, hNAP1AC and hNAP1AN By contrast, in the presence of two molar equiva-

bound H3-H4 by a strong endothermic interaction
(Fig. 1F,G), suggesting that neither the N- nor C-
terminal domain in hNAP1 plays a significant role in
binding to H3-H4. In fact, we could not estimate the
apparent binding of the isolated CTAD to H3-H4
(Fig. 1H).

hNAP1 dimer binds to single and double H2A-
H2B heterodimers

Next, we examined the stoichiometry of binding
between hNAP1 proteins (wild type and its deletion
mutants) and histones (H2A-H2B and H3-H4) by
native MS. In the unbound state, hNAP1 and the
deletion mutants showed multimeric binding forms
similar to YNAP1 and other NAP1 proteins (Fig. 2,
Fig. S2 in Supporting Information) (McBryant &
Peersen 2004; Toth et al. 2005; Noda ef al. 2011;
Bowman et al. 2014). In the presence of one molar
equivalent of H2A-H2B heterodimer to each hNAP1
dimer, however, a complex comprising a hNAP1FE
dimer and a single H2A-H2B heterodimer was
observed dominantly, with small peaks corresponding
to a dimer of this complex; that is, both complexes
observed corresponded to a stoichiometry of one
hNAP1 dimer to one H2A-H2B heterodimer. Both
hNAPIAC and hNAPIAN showed similar main
peaks corresponding to each mutant hNAP1 dimer
bound to a single H2A-H2B heterodimer, but weak
signals were observed from complexes corresponding
to each mutant tetramer bound to a single H2A-H2B
heterodimer, suggesting that the N-terminal and C-
terminal domains are likely to inhibit aggregation of
the hNAP1 core domain (Fig. 2, Fig. S2 in Support-
ing Information).

© 2016 The Authors

lents of H2A-H2B to each hNAP1 dimer, hNAP1F"
bound two H2A-H2B heterodimers (Fig. 2), suggest-
ing that hNAP1 has two binding sites for H2A-H2B
and that the binding of H2A-H2B to hNAP1 occurs
sequentially, whereby a second H2A-H2B heterodi-
mer binds to hNAP1 after the first H2A-H2B has
bound. Notably, in the presence of two molar equiv-
alents of H2A-H2B to hNAP1AC dimer, the mutant
dimer showed binding to one H2A-H2B heterodimer
and one H2A-H2B heterodimer plus one monomer
(H2A or H2B), in addition to two H2A-H2B het-
erodimers. This strongly suggests that regarding the
two binding sites in hNAP1AC, the first binding site
is not affected, whereas the second binding site is
weakened by the deletion of the CTAD. In addition,
the second H2A-H2B heterodimer seemed to be sta-
bilized by the CTAD: In the absence of the CTAD,
the second heterodimer appeared partially destabi-
lized, and in some cases, it was dissociated into two
monomers, and in the hNAPIAC complex, one
H2A or H2B monomer was present alongside one
heterodimer. We discuss this further below.

In the presence of one molar equivalent of H3-
H4, both hNAP1"™ and hNAP1AC bound to a single
H3-H4 heterodimer; however, dimers of both com-
plexes were detected in significant amounts as
(hANAP1™"/H3-H4), and (hNAP1AC/H3-H4),. This
corresponds well with the higher tetramer formation
ability of H3-H4 as compared with H2A-H2B
(Fig. 2). In the presence of two molar equivalents of
H3-H4, both hNAP1™ and hNAP1AC bound to
two H3-H4 heterodimers, suggesting that the H3-H4
binding to hNAP1 is sequential (i.e., the second H3-
H4 binds after the first H3-H4 has bound) and nei-
ther binding is affected by the CTAD (Fig. 2).
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Figure 2 Native ESI mass spectra of NAP1 and histone protein complexes: hNAP1™" (A) and hNAP1AC (B) in the free state
and in the presence of H2A-H2B and/or H3-H4. yNAP1™ (C) and yNAP1AC (D) in the presence of H2A-H2B and CTAD in

the free state and in the presence of H2A-H2B (E). Proteins were mixed at 1 :

1 or 1 : 2 dimer ratio as indicated. In each figure,

A—J show the corresponding mass peaks for their complexes as indicated.

yNAP1 dimer binds to single and double H2A-
H2B heterodimers and single and double H3-H4
heterodimers without any contribution of its
CTAD

In the presence of one molar equivalent of H2A-
H2B, both yNAP1™ and yNAPIAC bound to a
single H2A-H2B heterodimer, and in the presence

Genes to Cells (2016) 21, 252-263

of two molar equivalents of H2A-H2B, both
bound to two H2A-H2B without any detectable
effect of the yNAP1 CTAD (Fig. 2). Furthermore,
in the presence of one molar equivalent of H3-H4,
both yNAP1™ and yNAP1AC bound to a single
H3-H4 heterodimer, and in the presence of two
molar equivalents of H3-H4, both bound to two
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H3-H4, again with no detectable effect of the
yNAP1 CTAD (Fig. S3 in Supporting Informa-
tion). In the case of both H2A-H2B and H3-H4,
the binding to yNAP1 seems to be sequential such
that the second histone heterodimer binds after the
first histone heterodimer; however, two binding
sites could not be distinguished, in contrast to
hNAP1. According to the previous binding studies
of yNAP1 and histone heterodimers (D’Arcy ef al.
2013), the two binding sites in yNAP1 are likely
to be similar symmetrical binding sites in the
yNAP1 dimer. The two presumed symmetrical sites
may facilitate the binding of histone tetramers, such
as (H2A-H2B), or (H3-H4),, in the yNAP1 dimer.
Nevertheless, two binding sites were distinguished
in hNAP1: Although the CTADs of hNAP1 accel-
erate binding to H2A-H2B, the stability of the
interaction between the first site of hINAP1 and
H2A-H2B seems to be independent of the CTAD:s,
but the CTADs assist binding of the second H2A-
H2B to the second site of hNAP1 and stabilize this
heterodimer against its dissociation into two mono-
mers.

(A)  CTAD-N CTAD-C

Role of the acidic domain of human NAP1

CTAD of hNAP1 has two binding regions for
H2A-H2B

In the presence of H2A-H2B, a complex comprising
a CTAD monomer and a single H2A-H2B heterodi-
mer was the dominant species, along with very small
peaks corresponding to a dimer of this complex and
the CTAD dimer bound to a single H2A-H2B het-
erodimer (Fig. 2). Thus, it is assumed that there are
at least two binding regions for CTAD in a single
H2A-H2B heterodimer.

Conversely, the isolated CTAD also seems to have
two binding regions for H2A-H2B. We investigated
the regions in CTAD responsible for binding to
H2A-H2B. Two peptides, CTAD-N (amino acids
344-365) and CTAD-C (amino acids 366-387), were
prepared, mixed with H2A-H2B and subjected to
both native MS and ITC experiments. Figure 3
shows that both CTAD-N and CTAD-C bound
strongly to H2A-H2B. Even short two peptide
fragments consisting of eight amino acids, F1 in
CTAD-N and F5 in CTAD-C, showed a weak but
significant binding as summarized in Table 2. In con-
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Figure 3 ITC binding curves for the interaction of CTAD derivatives with H2A-H2B. (A) Amino acid sequence of hNAP1

CTAD and its corresponding fragments. (B—E) Top panels show the raw data, and bottom panels show the fitted binding iso-
therms, as summarized in Table 2. The interactions with H2A-H2B of CTAD-N (amino acids 344-365) (B) and CTAD-C
(amino acids 366-387) (C) with H2A-H2B, and of an eight-amino acid fragment in CTAD-N (F1; amino acids 349-356) (D) and

in CTAD-C (F5; amino acids 372-379) (E) are shown.
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Table 2 Properties of the interaction between H2A-H2B and CTAD derivatives

Proteins or peptides Kd (nm) Error AH (kJ/mol) Error TAS (kJ/mol) AG (kJ/mol)
CTAD-N (344-365)/H2A-H2B 209 29.5 —-32.0 0.5 5.5 —-37.5
CTAD-C (366-387)/H2A-H2B 251 40.4 —42.2 0.9 —5.2 -37.0
F1(349-356)/H2A-H2B 31 900 4600 —-9.2 0.7 16.0 —25.2
F5(372-379)/H2A-H2B 16 200 566 —20.6 2.3 6.3 —-26.9

trast, the two yNAP1 CTADs (amino acids 371-391
and 390—417) did not bind significantly to H2A-H2B
as compared with the hNAP1 CTAD by ITC experi-
ments (Fig. S1 in Supporting Information).

In addition, peaks corresponding to a 1 : 1 com-
plex of CTAD-N or CTAD-C peptide of hINAP1
and an H2A-H2B dimer were dominantly observed
by native MS (Fig. 4). In the case of CTAD-N,
peaks of a 2 : 1 complex of CTAD-N peptide and
the H2A-H2B dimer were also observed. Further-
more, weak signals corresponding to a dimer of the
1 : 1 complex were recognized. These results suggest
that both the N- and C-terminal regions of CTAD
can bind to an H2A-H2B dimer, which is consistent
with the ITC results. In the native MS of CTAD
with H2A-H2B, as described above, a 1 : 1 complex
with the H2A-H2B dimer was dominantly observed,
alongside weak signals of a 2 : 1 complex (CTAD:
H2A-H2B). Although both the N- and C-terminal
regions of CTAD can independently bind to an
H2A-H2B dimer, however, a single CTAD peptide
of 33 amino acids (349-381 in hNAP1) might not be
able to bind to two H2A-H2B dimers simultaneously
owing to its small size.

CTAD promotes the nucleosome assembly
activity of hNAP1

Above, we showed that the two CTADs in the
hNAP1 dimer provide binding assistance for the
interaction of hNAP1 with H2A-H2B. In order to

(A)  A: CTAD-N + (H2A-H2B)
B: (CTAD-N)2 + (H2A-H2B)
C:A2

000 1 2000

elucidate the role of CTAD in histone chaperone
activity, we examined the DNA supercoiling activity
of hNAP1"™, hNAP1AN, hNAPIAC and the isolated
CTAD. Each protein was incubated with relaxed
circular DNA, in the presence of human histone
H2A-H2B and H3-H4 complexes. If the hNAP1
derivatives can properly assemble the histones on the
DNA to form nucleosomes, then negative supercoils
should be introduced into the DNA. Depending on
their concentration, both hNAP1™ and hNAP1AN
introduced DNA supercoils; however, the DNA
supercoiling activity of ANAP1AC was greatly reduced
as compared with hNAP1"™ and hNAP1AN (Fig. 5).
This further supports our previous finding that the
nucleosome assembly activity of an hNAP1 CTAD
deletion mutant was slightly decreased. This confirms
that both CTADs in the hNAP1 dimer play a
significant role in nucleosome assembly, although the
isolated CTAD alone had no DNA supercoiling
activity even when present in excess quantity (Fig. 5).

Discussion

Native MS showed that the hNAP1 dimer bound
sequentially to first and second H2A-H2B heterodi-
mer, and ITC experiments showed two different
binding modes: endothermic and exothermic.
Although the CTAD deletion mutant of hNAP1
(hNAP1AC) showed reduced binding ability to
H2A-H2B, it also bound sequentially to two H2A-
H2B heterodimers but only by the endothermic

(B) A: CTAD-C + (H2A-H2B)
B: A2
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Figure 4 Native ESI mass spectra of hNAP1 CTAD-N (A) and CTAD-C (B) with H2A-H2B. Proteins were mixed at a 1 : 1
ratio of CTAD peptide monomer to H2A-H2B dimer. In each figure, A, B and/or C show the corresponding mass peaks for the

complexes as indicated.
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Figure 5 Supercoiling DNA activity of hNAP1™", hNAP1AC,

hNAP1AN and CTAD. Each amount of 0.25, 0.5 and 1 um for

hNAP1™, hANAP1AC and hNAP1AN and of 0.25, 0.5, 1, 5, 10 um for CTAD was preincubated with H2A-H2B and H3-H4,

and then, relaxed DNA was added.

mode. This means that the first and second H2A-
H2B binding sites of hNAP1 do not correspond to
the endothermic and exothermic binding modes. In
addition, native MS showed that the second binding
site seemed to be weakened in hNAP1AC: That is, a
complex between hNAP1AC and a single H2A-H2B
heterodimer was clearly obtained in the presence of
one molar equivalent of H2A-H2B; in the presence
of two molar equivalents of H2A-H2B, however,
complexes between hNAP1AC and one H2A-H2B
heterodimer and between hNAP1AC and one H2A-
H2B heterodimer plus one monomer (H2A or H2B)
were identified in addition to the complex between
hINAP1AC and two H2A-H2B heterodimers. Thus,
the second H2A-H2B in the core domain of
hINAPIAC was not well stabilized and partially disso-
ciated into two monomers, H2A and H2B. In other
words, the core domain of the hNAP1 dimer has
two binding sites for two H2A-H2B heterodimers;
however, the second H2A-H2B binding site requires
the assistance of CTAD:s to stabilize the second H2A-
H2B heterodimer within this site. This is in signifi-
cant contrast to yYNAP1, which bound sequentially to
a first and then a second H2A-H2B without any help
from the CTADs, and in which the first and second
binding sites for H2A-H2B were indistinguishable in
the present experiments. These findings correspond
well to an earlier model showing that the two stable

© 2016 The Authors

H2A-H2B heterodimers are symmetrically located in
the core domain of yNAP1 (D’Arcy et al. 2013).
However, that model cannot be applied to the com-
plex between hNAP1 and H2A-H2B.

Here, we modeled the sequential binding of two
H2A-H2B heterodimers to hNAP1 as shown in
Fig. 6A. In this model, CTAD assists and facilitates
binding of the first H2A-H2B heterodimer to the core
domain; the first H2A-H2B is quickly transferred to
the core domain by CTAD and becomes stably located
in the core domain. Next, CTAD assists and facilitates
binding of the second H2A-H2B to the core domain;
however, binding of the second H2A-H2B is stabilized
by both CTAD and the core domain, which coopera-
tively and dynamically act to retain the second hetero-
dimer. Without CTAD, the core domain still has two
binding sites for H2A-H2B; however, it lacks the facil-
itating activity of CTAD in binding the first and sec-
ond H2A-H2B heterodimers, and thus, both
interactions correspond to the endothermic binding
mode of hNAP1AC with a Kd value of approximately
300 nm. By contrast, full-length hNAP1 binds strongly
to the first and second H2A-H2B heterodimers with
endothermic Kd values of approximately 10 nm owing
to the facilitating activity of CTAD. In addition, the
dynamic equilibrium binding of the second H2A-H2B
heterodimer between the core domain and CTAD in
full-length hNAP1 seems to correspond to the

Genes to Cells (2016) 21, 252-263

Genes to Cells published by Molecular Biology Society of Japan and John Wiley & Sons Australia, Ltd.

259



260

H Ohtomo et al.

exothermic binding mode. This would account for the
different Kd wvalues of approximately 10 nm for
endothermic binding to the core domain and over
1000 nm for exothermic binding to CTAD in full-
length hNAP1. This suggests that CTAD plays a role
in transporting both the first and second H2A-H2B
heterodimers to the core domain, followed by a role in
stabilizing the association of the second H2A-H2B het-
erodimer. Overall, CTAD provides binding assistance
for the interaction of hNAP1 with two H2A-H2B het-
erodimers; in the process of hNAP1 binding to H3-
H4, by contrast, CTAD has no significant role.

We found that CTAD plays a significant role in
the supercoiling of DNA mediated by nucleosome
assembly of hNAP1. The N-terminal deletion
mutant of hNAP1 showed similar supercoiling activ-
ity to full-length hINAP1, probably because it has
similar H2A-H2B binding activity with the two
endothermic and exothermic binding modes. This
seems to correspond well to the N-terminal deletion
mutant of yNAP1, which shows supercoiling activity
similar to that of full-length yNAP1 (McBryant
et al. 2003). By contrast, the CTAD deletion mutant
of hNAP1, hNAP1AC, which has greatly reduced
ability to bind to H2A-H2B but retains an affinity
tor H3-H4 similar to that of full-length hNAPIT,
showed greatly reduced supercoiling activity. How-
ever, as compared with the core histone alone,

s
hNAP1 \'
core domain
—| 1

hNAP1 f
CTAD .

(B) hNAP1 F1 349-DDD - DDYDE-356
hNAP1 F5 372-END-PDYDP-379
Spt16 966-EEEVSEYEA-974
Pob3 507-SVD- EDFQV-514
Anp32e 230-EDD-DDYVE-237
Swr1 618-DDS - EDF TV-625

—_—

hINAPT1AC showed some significant supercoiling
bands. Our previous study indicated that in the
presence of hNAP1, H3-H4 alone, but not H2A-
H2B alone, showed a weak but significant super-
coiling activity (Osakabe ef al. 2010), which may be
caused by the formation of a tetrasome by H3-H4.
hNAP1AC retains H3-H4 binding activity and thus
might induce supercoiling of DNA to a similar
extent to full-length hNAP1.

Most recently, a study has been published showing
that another histone chaperone, FACT, comprising
Spt16 and Pob3, binds to H2A-H2B primarily via
both of the C-terminal acidic domains of Spt16 and
Pob3 (Kemble et al. 2015). On the basis of the com-
plex structure between the C-terminal fragment of
Sptl6 and H2A-H2B, the authors proposed a com-
mon binding motif for H2A-H2B in three histone
chaperones, FACT (Sptl6 and Pob3), Anp32e¢ and
Swrl, as shown in Fig. 6B (Kemble ef al. 2015).
Here, we found that the hNAP1 CTAD has two
binding regions, which fragmented as F1 and F5 (see
Table 2), whose amino acid sequences are well
aligned with the H2A-H2B binding motif identified
in Sptl6, Pob3, Anp32e and Swrl (Fig. 6B). The
proposed motif contains a carboxylic amino acid for
capping an H2B helix and an aromatic amino acid
for anchoring in hydrophobic pocket of H2B. This
suggests that at least one of the binding regions of the

-
i F,_m
?mﬁ_

b

Dynamic equilibrium

Figure 6 Schematic model of interactions between hNAP1 and H2A-H2B heterodimers. (A) The hNAP1 dimer has two binding
sites for H2A-H2B in its core domain and binds sequentially to a first and then a second H2A-H2B assisted by its CTADs. Each
CTAD has two binding regions, F1 and F5, for H2A-H2B as indicated in blue and red, respectively. The first H2A-H2B stably
binds to a binding site within the core domain; this interaction is accelerated by CTAD. The second H2A-H2B binds to a binding
site comprising both the core domain and CTAD; in this interaction, CTAD plays a significant role in both accelerating the bind-
ing and stabilizing the second H2A-H2B heterodimer in hNAP1. (B) Amino acid sequences of the two regions of the hNAP1
CTAD (F1 and F5) that are responsible for H2A-H2B binding aligned with the proposed H2A-H2B binding motif in Spt16 and
Pob3 of FACT, Anp32e and Swrl (Kemble et al. 2015). In each motif, the capping amino acid and the anchoring amino acid are
colored dark and light blue, respectively, and the other amino acids are colored red.
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hINAP1 CTAD binds to H2A-H2B in a manner sim-
ilar to the C-terminal acidic domain of Spt16. How-
ever, the two regions in the hNAP1 CTAD bind to
a single H2A-H2B; thus, they seem to bind to two
different regions of the same H2A-H2B heterodimer.
At least one of two regions must bind to H2A-H2B
in a manner different from that of the proposed
motif; however, the details of this await investigation
in future experiments.

Experimental procedures
Purification of hNAP1 and its deletion mutants

Purification of hNAP1™ (1-391 amino acids), hNAP1AN
(49-391 amino acids) and hNAP1AC (1-344 amino acids) was
carried out by similar method as described previously (Tachi-
wana ef al. 2008). hNAP1 and its deletion mutants were bac-
terially expressed as Hisq tag fusion proteins in Rosetta-gami B
(DE3) cells. Proteins were purified by HisTrap HP (GE
Healthcare), and the Hisq tag was cleaved with Turbo3C pro-
tease (Accelagen). Proteins without the Hiss tag were then
purified by a Q Sepharose (GE Healthcare) column. The
eluted samples were run through a Superdex 200 (GE Health-
care) column and were finally purified by the Q Sepharose
column again. Purified hNAP1 and its deletion mutants were
dialyzed against 20 mm Tris—=HCI (pH 7.5) buffer, containing
150 mm NaCl, 1 mm DTT, 0.5 mm EDTA, 0.1 mm PMSF
and 10% glycerol.

Purification of yNAP1 and its CTAD deletion
mutant

yNAP1 (amino acids 1-417) and its CTAD deletion mutant
(amino acids 1-365) were purified by method similar to that
for hNAPI.
Rosetta-gami B (DE3) cells as Hisq tag fusion proteins and
were purified by an Ni-NTA agarose column. Next, the Hisg
tag was cleaved with thrombin protease (GE Healthcare), and
the proteins were purified by a MonoQ (GE Healthcare) col-
umn. The eluted samples were passed through a Superdex 200
column and finally purified by passage through the MonoQ
column again. Purified yNAP1 CTAD deletion
mutants were dialyzed against 20 mm Tris—=HCI (pH 7.5) buf-
fer, containing 150 mm NaCl, 1 mm DTT, 0.5 mm EDTA,
0.1 mm PMSF and 10% glycerol.

The proteins were bacterially expressed in

and its

CTAD and its derivatives

Peptides corresponding to CTAD (amino acids 349-381),
CTAD-N (amino acids 344-365), CTAD-C (amino acids
366-387), F1 (amino acids 349-356), F5 (amino acids 372—
379) of hNAP1 and two yNAP1 CTADs (amino acids 371—
391 and 390-417) were synthesized by SIGMA Genosys.

© 2016 The Authors
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Purification of H2A and H2B

Recombinant human H2A and H2B were prepared according
to the previously published method (Tanaka et al. 2004). We
modified an existing pET-23b-based vector, which encodes an
N-terminal oct-histidine (His8) tag, and Turbo3C protease
cleavage site followed by Lumio™
were expressed in Escherichia coli strain BL21 (DE3) star grown
in LB medium.

tag (Invitrogen). Proteins

The harvested cells were resuspended in bufter A (50 mm
Tris pH 8.0, 500 mm NaCl), lysed on ice by sonication and
centrifuged. The pellet was solubilized in buffer B (50 mm
Tris pH 8.0, 500 mm NaCl, 7 m guanidine hydrochloride).
The protein solution was then applied to an immobilized
metal affinity chromatography (IMAC) column (Bio-Rad)
equilibrated with buffer B, and His-tagged H2A or H2B was
eluted by buffer C (50 mm Tris—HCI pH 8.0, 500 mm NaCl,
3 M guanidine hydrochloride and 300 mm imidazole). The
eluted His-tagged H2A or H2B was dialyzed against bufter D
(20 mm Tris pH 8.0 and 5 mm mercaptoethanol) and digested
with Turbo3C protease (Accelagen) at 4 °C overnight. The
protein solution was again loaded onto the IMAC column.
Fractions passing through the column were concentrated and
dialyzed against pure water. Finally, the purified H2A or H2B
was lyophilized.

Lyophilized H2A and H2B were mixed at a molar ratio of
1:1, and H2A-H2B dimer was refolded by dialysis first
against buffer E (20 mm Tris pH 8.0, 1 mm ethylene diamine
tetraacetic acid (EDTA) and 2 m NaCl) and then against bufter
F (20 mm Tris pH 8.0, 1 mm EDTA and 1 m NaCl) at 4 °C.
After dialysis, the sample solution was subjected to size-exclu-
sion chromatography using a column of Superdex 200 pg (GE
Healthcare) equilibrated with buffer F at 4 °C, and fractions
containing H2A-H2B dimer were collected.

Purification of H3-H4 complex

Purification of the H3-H4 tetramer was carried out as
described previously (Osakabe ef al. 2013). Freeze-dried H3
and H4 proteins were mixed at 1 : 1 molar ratio under dena-
turing bufter. Next, the H3-H4 complex was refolded by dial-
ysis and purified by Superdex 200  gel
chromatography with 20 mm Tris—HCI (pH 7.5) buffer, con-
taining 100 mm NaCl, 1 mm EDTA, 1 mm PMSF, 5% glyc-
erol and 5 mMm 2-mercaptoethanol.

filtration

Isothermal titration calorimetry (ITC)
experiments

Protein solutions at 5-10 pum protein in buffer (25 mm MES
pH 6.0 with 200 mm KCl) were loaded into a cell (active vol-
ume 1.4 mL) in a VP-ITC isothermal titration calorimeter
(Microcal, Inc.). Each protein solution was titrated using a
300-pL titration syringe against 100-500 pm ligand solution
prepared in the same buffer. Experiments were carried out at
20 °C. All titration experiments were repeated at least twice.
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The heat of dilution generated by ligands was subtracted, and
the binding isotherms were fitted to a one-site or two-site
binding model using ORIGIN 7 Software (Microcal, Inc.). From
the values of Kd and AH, the thermodynamic parameters AG
and AS were calculated according to the basic thermodynamic
equations:

AG = —RTInKd' (1)
AG = AH — TAS (2)

Native mass spectrometry

Native mass spectrometry was carried out on Synapt G2
HDMS instruments (Waters, Milford, MA, USA) as previously
reported (Saikusa ef al. 2013). Before MS analysis, protein
samples were dialyzed against 200 mM ammonium acetate and
the sample concentration was adjusted to ~5 puMm. An aliquot
of protein solution was deposited in a nanoESI spray tip
(HUMANIX, Japan) and placed in the nanoESI spray source.
Ions were generated with the capillary voltage of 0.75-1 kV.

Supercoiling assay

The supercoiling assay was carried out as described previ-
ously (Kato ef al. 2015). The indicated amount of hNAP1
was preincubated with H2A-H2B (0.4 um) and H3-H4
(0.4 pum) at 37 °C for 15 min, and the relaxed DNA
(100 ng) was then added to the reaction mixture (10 pL) in
10 mm Tris—=HCI (pH 7.5) bufter, containing 140 mm NaCl,
5mM DTT and 2.2 mm MgCI2. The reaction was contin-
ued at 37 °C for 60 min and then stopped by the addition
of stop solution [20 mm Tris—HCI (pH 8.0), 20 mm EDTA,
0.25% SDS and 0.5 mg/mL proteinase K (Roche)]. The
samples were further incubated at 37 °C for 15 min. The
DNA samples were then extracted by phenol—chloroform
and analyzed by 1% agarose gel electrophoresis in 1x TAE
(40 mm Tris—acetate and 1 mm EDTA) with SYBR Gold
staining (Invitrogen).
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yNAP1™ and its derivatives with H2A-H2B (A-D), and the
interaction of yNAP1" with H3-H4 (E).

Figure S2 Native ESI mass spectra of hNAPIAN in the
absence (upper) and presence (lower) of H2A-H2B (A) and
hNAP1™ with H2A-H2B (B).

Figure S3 Native ESI mass spectra of yNAP1" with H3-H4
(A) and yNAP1AC with H3-H4 (B).
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