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Histone chaperones assemble and disassemble nucleosomes in an
ATP-independent manner and thus regulate the most fundamental
step in the alteration of chromatin structure. The molecular mech-
anisms underlying histone chaperone activity remain unclear. To
gain insights into these mechanisms, we solved the crystal struc-
ture of the functional domain of SET/TAF-I�/INHAT at a resolution
of 2.3 Å. We found that SET/TAF-I�/INHAT formed a dimer that
assumed a ‘‘headphone’’-like structure. Each subunit of the SET/
TAF-I�/INHAT dimer consisted of an N terminus, a backbone helix,
and an ‘‘earmuff’’ domain. It resembles the structure of the related
protein NAP-1. Comparison of the crystal structures of SET/TAF-
I�/INHAT and NAP-1 revealed that the two proteins were folded
similarly except for an inserted helix. However, their backbone
helices were shaped differently, and the relative dispositions of the
backbone helix and the earmuff domain between the two proteins
differed by �40°. Our biochemical analyses of mutants revealed
that the region of SET/TAF-I�/INHAT that is engaged in histone
chaperone activity is the bottom surface of the earmuff domain,
because this surface bound both core histones and double-
stranded DNA. This overlap or closeness of the activity surface and
the binding surfaces suggests that the specific association among
SET/TAF-I�/INHAT, core histones, and double-stranded DNA is
requisite for histone chaperone activity. These findings provide
insights into the possible mechanisms by which histone chaper-
ones assemble and disassemble nucleosome structures.

nucleosome � chromatin � transcription � replication � repair

Eukaryotic DNA is packaged into nucleosomes that consist of
dsDNA and four different basic proteins (H2A, H2B, H3, and

H4) called core histones (1, 2). Three types of factors are known to
be involved in altering chromatin structure, namely, histone-
modifying enzymes, ATP-dependent chromatin-remodeling com-
plexes, and histone chaperones (3–8). The roles played by the two
former enzymes in chromatin remodeling have been extensively
studied. However, much less is understood about the molecular
mechanisms underlying histone chaperone activity, which assemble
or disassemble the DNA around core histones and thereby form
and disrupt the nucleosome, respectively.

In general, a molecular chaperone is a molecule that associates
with a target protein and prevents its aggregation. Because
histones and DNA form aggregates when mixed directly under
physiological conditions, histone chaperones must associate with
free histones to prevent their improper interactions with DNA.
In addition, histone chaperones facilitate the accurate deposi-
tion of free histones onto DNA. Conversely, histone chaperones
also play important roles in the removal of histones from
nucleosomes, which must occur before the DNA can be repli-
cated (9), repaired (10), and transcribed (11). All histone

chaperones have nucleosome assembly activity, and at least
some, and perhaps all, including CIA/ASF1, have nucleosome
disassembly activity (12). Some histone chaperones function with
components of several chromatin-related complexes, including
histone acetyltransferases (13), histone deacetylases (14), and
ATP-dependent chromatin-remodeling complexes (15). Thus, in
concert with other chromatin-related factors, histone chaper-
ones play an important role in nuclear events that involve
chromatin templates.

Although the structure of histone chaperones has been studied
such structural analyses have not particularly advanced our
understanding of the molecular bases underlying histone chap-
erone activity (16–21). For example, although structural analysis
of nucleoplasmin advocates a model of its histone storage
activity, it did not explain how nucleoplasmin functions in
nucleosome assembly (16). To address the molecular basis of
histone chaperone activity in more detail, we here analyzed the
structure of SET/TAF-I�/INHAT. SET/TAF-I�/INHAT was
first identified as a translocation breakpoint-encoded protein in
acute undifferentiated leukemia (22). It is a multifunctional
protein that has been shown to bind preferentially to histone H3
(23–25), exhibit histone chaperone activity (26), interact with
various factors such as DNA-binding proteins (27, 28) and
proteases (29), and regulate transcription (27, 28, 30, 31),
replication (32), and apoptosis (33). In addition, SET/TAF-I�/
INHAT inhibits the activity of histone acetyltransferases, which
suggests that it regulates the nuclear activity that arises from the
chemical modification of core histones (34).

Here, we determined the crystal structure of the functional
domain of human SET/TAF-I�/INHAT and compared it to that
of yeast NAP-1 (21). As we show here, this histone chaperone
adopts a symmetrical dimerized form that has a ‘‘headphone’’-
like shape, which is interesting given that histones form sym-
metrical octamers. Moreover, the fact that it forms dimers
suggests that it may function differently from other histone
chaperones such as the nucleoplasmin family, which forms a
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decamer (16, 18) and CIA/ASF1, which exists as a monomer (17,
19, 20). Mutational analysis revealed that the bottom of the
‘‘earmuff domain’’ of SET/TAF-I�/INHAT binds both core
histones and dsDNA and is also involved in regulating histone
chaperone activity. This overlap or closeness of the binding
surfaces suggests that the specific association among SET/TAF-
I�/INHAT, core histones and dsDNA plays a key role in histone
chaperone activity. Thus, the structural analysis of SET/TAF-
I�/INHAT may provide further insights into why some histone
chaperones have disparate functions. Collectively, our findings
provide insights into the action of histone chaperones.

Results
The Acidic Stretch of SET/TAF-I�/INHAT Is Unnecessary for Either Its
Histone Chaperone or Core Histone-Binding Activities. Histone chap-
erones often exhibit long acidic stretches; however, recent
studies have shown that removal of these residues from NAP-1,
nucleoplasmin, CIA/ASF1, and NO38 does not impair their
histone chaperone or core histone-binding activities (16–18, 21,
35, 36).

To determine whether the acidic stretch of �40 aa in the
C-terminal region of SET/TAF-I�/INHAT is required for its
core histone-binding and histone chaperone activities, we puri-
fied a protein containing only the N-terminal amino acids 1–225,
which lacks the acidic stretch (Fig. 1A). On Ni-NTA pull-down

assay, the WT protein bound all four core histones whereas the
�C deletion protein bound histones H3 and H4 (Fig. 1B). This
implies that the N-terminal region of SET/TAF-I�/INHAT is
sufficient for the binding activity to histone H3 and H4. On the
other hand, the C-terminal acidic stretch is required to form a
complex with all core histones, H2A, H2B, H3, and H4. In
addition, both of the WT and SET/TAF-I�/INHAT �C proteins
bound histone–agarose (Fig. 1C) and eluted off when adding
histone H3 and H4 as a competitor (Fig. 1D). We confirmed that
SET/TAF-I�/INHAT specifically bound histone–agarose but
not protein A-agarose (data not shown). Although the histone
binding activities are different between WT and �C proteins
(Fig. 1B), the two showed similar histone chaperone activities
(Fig. 1E). Thus, the acidic stretch of SET/TAF-I�/INHAT was
not necessary for binding activity to histone H3 and H4 and
histone chaperone activity, although it was required for histone
H2A–H2B binding activity. These results showed that SET/TAF-
I�/INHAT has histone chaperone activity specific to histone H3
and H4. Therefore, to investigate the molecular basis underlying
the histone chaperone activity of SET/TAF-I�/INHAT, we
determined the crystal structure of the SET/TAF-I�/INHAT�C
mutant (37).

SET/TAF-I�/INHAT�C Dimers Assume a Headphone-Like Shape. We
determined the crystal structure of SET/TAF-I�/INHAT�C by
the MAD method [supporting information (SI) Table 1]. SET/
TAF-I�/INHAT�C forms a dimer that assumes a headphone-
like shape. The dimers are �110 � 50 � 50 Å3 in size, and each
subunit consists of an N terminus, a backbone helix, and an
earmuff domain (amino acids 1–24, 25–78, and 79–225, respec-
tively) (Fig. 2 A and B). SET/TAF-I�/INHAT and its putative
alternatively spliced variant TAF-I� differ only in their N-
terminal domains (38). This domain is probably highly mobile in
solution because the electron density of the residues between the
�1- and �2-helices could not be observed (Fig. 2 A). In the
crystal, the �1-helix is sandwiched by two earmuff domains
originating from the adjacent molecule. It remains unclear
whether this interaction is of biological significance.

The 51-aa-long backbone helix is bent at �50°, and in the
dimer the two backbone helices interact hydrophobically in an
antiparallel manner (SI Fig. 5 A and B). A pseudo twofold axis
runs perpendicular to the backbone helix (Fig. 2B and SI Fig. 5
A and B). The residues contributing to dimer formation are A31,
H34, I35, V38, I42, L45, A49, I53, V56, Y60, R64, F67, F68, R71,
L74, and I78 (SI Fig. 5B). This finding is compatible with a report
showing that the V38E/I42S/L45E/A49E and V38S/I42S/L45S/
A49S mutants are unable to dimerize (39). The earmuff domain,
which is attached to the concave side of the backbone helix,
forms an ��� structure in which six �-helices are located on
four-stranded antiparallel �-sheets (Fig. 2C). The electron den-
sity of the residues between the �4-strand and �6-helix (residues
168–188) could not be observed (Fig. 2 A), which suggests that
the lower part of the earmuff domain is highly mobile in aqueous
solution. This is supported by the fact that the peptide bond
between amino acid residues K176 and A177, which are located
in this putative mobile region, is reported to be cleaved by the
cytotoxic T lymphocyte protease granzyme A (40).

Structural Comparison with NAP-1. The primary structure of SET/
TAF-I�/INHAT is similar to that of NAP-1 (Fig. 2 A), whose
crystal structure was reported very recently (21). Comparison of
the crystal structure of SET/TAF-I�/INHAT with that of NAP-1
revealed that the two proteins are also folded similarly except for
a helix of NAP-1 (helix �3) that has been inserted between the
backbone helix (part of domain I) and the earmuff domain
(domain II) [the domains of NAP-1 that are shown in paren-
theses refer to the previously published designations (21)] (Fig.
2A). The rms deviation derived from the least-squares fittings of
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Fig. 1. Functional activities of SET/TAF-I�/INHAT�C. (A) Coomassie brilliant
blue staining of purified SET/TAF-I�/INHAT WT (lane 1) and �C (lane 2)
proteins. (B) Complex formation of SET/TAF-I�/INHAT with core histones. After
incubating histones H2A–H2B, H3, and H4, or all four core histones with
Ni-NTA agarose beads, which captured SET/TAF-I�/INHAT WT (lanes 1–3), �C
(lanes 4–6), and no protein (lanes 7–9), the bead-bound fraction was resolved
by SDS/PAGE and stained with Coomassie brilliant blue. (C) Interaction of
SET/TAF-I�/INHAT WT (lane 1) and �C (lane 2) proteins with histone–agarose.
(D) Histone binding specificity of SET/TAF-I�/INHAT WT and �C by competition
assay. Shown is eluted SET/TAF-I�/INHAT in supernatant after addition of 100
pmol (lanes 1 and 4), 350 pmol (lanes 2 and 5), and 1,000 pmol (lanes 3 and 6)
of competitor proteins [core histones, (H3-H4)2, and BSA] to SET/TAF-I�/
INHAT-bound histone–agarose. (E) Histone chaperone activity of SET/TAF-I�/
INHAT�C. Circular plasmid DNA (lane 1) was relaxed by topoisomerase I and
then incubated with (lanes 2–4) or without (lanes 5–7) core histones plus
SET/TAF-I�/INHAT WT (lanes 3 and 6), SET/TAF-I�/INHAT�C (lanes 4 and 7), or
no protein (lanes 2 and 5). Under these conditions, a small amount of super-
coiled DNA formed in the absence of SET/TAF-I�/INHAT (lane 2). R, relaxed; S,
supercoiled.
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the corresponding 156 C� atoms of each subunit was on average
3 Å. This large rms deviation is mainly due to two reasons. First,
the shapes of the backbone helices differ, as a top view of the
NAP-1 backbone helix shows a sigmoid shape (21) whereas that
of SET/TAF-I�/INHAT is nearly straight (Fig. 3A). Second, the
relative disposition of the backbone helix and the earmuff
domain differs between the two proteins, as an outward rotation
of �40° is required to superimpose the earmuff domain of
SET/TAF-I�/INHAT onto the corresponding domain of NAP-1
(Fig. 3A). In addition, the disposition of the N-terminal helices
of the two proteins differ, because helix �1 of NAP-1 interacts with
the earmuff domain (domain II) of another subunit in the dimer
whereas the corresponding helix (�1) of SET/TAF-I�/INHAT
interacts with an adjacent dimer molecule in the crystal lattice.

Despite these differences, the core structures of the earmuff
domains of the two proteins are similar with an average rms
deviation of 1.9 Å for 106 C� atoms. The highly conserved
hydrophobic cores of the two proteins suggest that they are
evolutionarily closely related. The differences between the ear-
muff domains of the two proteins exist in helix �7 of SET/TAF-
I�/INHAT, as the corresponding helix of NAP-1 (helix �6) is

�10 residue longer (Figs. 2 A and 3B) and protrudes from the
earmuff domain. Additionally, there are some deletions in the
loop region of SET/TAF-I�/INHAT compared with that of
NAP-1 (Figs. 2 A and 3A).

The Electrostatic Potential of the SET/TAF-I�/INHAT�C Dimer. Anal-
ysis of the electrostatic potential of the SET/TAF-I�/INHAT�C
dimer indicates that the convex surface of the backbone helix is
positively charged because of the basic residues K26, R44, K59,
K62, K70, and K77 (SI Fig. 6A). The electrostatic properties of
the two sides of the earmuff domain differ; SET/TAF-I�/
INHAT�C has both acidic and basic faces (SI Fig. 6B). The
�-helix side of the earmuff domain contains negatively charged
acidic residues (E98, E101, E102, D165, D202, E203, E206,
D210, and D211), and this negatively charged area extends
across the same side of the backbone helix (E25, E33, D36, E37,
D43, E47, and E51). In addition, there are only three basic
residues on this surface (H89, H105, and K164). In contrast, the
opposite surface possesses more basic than acidic residues (14 vs.
11), resulting in a slightly positively charged surface. Because it
was difficult to predict from the electrostatic potentials which

Fig. 2. Structure of SET/TAF-I�/INHAT�C. (A) Amino acid sequences of SET/TAF-I�/INHAT and NAP-1. The �-helices (yellow) and �-strands (green) in the
sequences are indicated. Residues modified by site-directed mutagenesis (see Fig. 4 A–C and SI Table 2) are red, and those with no observable electron density
are not capitalized. Residues in the acidic stretch are gray. (B) Overall structure of the SET/TAF-I�/INHAT�C dimer, with the pseudo twofold axis highlighted in
red. (C) The structure of the earmuff domain.

Fig. 3. Comparison of the structures of SET/TAF-I�/INHAT and NAP-1. (A) Bottom (Left) and front (Right) views of the superimposed structures of NAP-1 (green)
and SET/TAF-I�/INHAT (red). The yellow helices indicated by the arrows are the extra helix of NAP-1 that is inserted between the backbone helix and the earmuff
domain (domain II). The rotation angle for the superimposition of the earmuff domains of NAP-1 and SET/TAF-I�/INHAT is given in the front view. Helices in the
earmuff domain are not shown for clarity. (B) The superimposition of the earmuff domains of NAP-1 (green and blue) and SET/TAF-I�/INHAT (red). The extra
residues that are unique to the NAP-1 structure are shown in blue. The corresponding residues of fragment A could not be modeled in the present study because
of disordering. Fragment B is a long insertion of NAP-1 (see Fig. 2A).
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surfaces were critical for histone chaperone function, we mu-
tated most of the surface amino acid residues in sets of three
(Figs. 2 A and 4 A–C). This helped us to identify the functional
region, as described below.

The Earmuff Domain Binds Both Core Histones and dsDNA and Is
Involved in Histone Chaperone Activity. We constructed 18 mutants
in which three spatially successive amino acid residues were
converted into alanine residues (Fig. 4 A–C and SI Table 2) and
purified these proteins to near homogeneity (Fig. 4D and SI Fig.
7). The expression, solubilization, and purification of all mutant
proteins were almost the same as those of the WT protein.
Mutants N (S162A/K164A/D165A) and O (T191A/T194A/
D195A), whose modifications were located at the bottom of the
earmuff domain, demonstrated impaired histone chaperone
activity (�35% of WT activity) (Fig. 4E). In addition, the
activities of mutants P (D202A/E203A/E206A) and Q (K209A/
D210A/D211A) were marginally decreased (�65% of WT
activity).

Further mapping of the histone-binding surface indicated that
mutants N, O, and P exhibited decreased interaction with core
histones (Fig. 4F). The triple mutations of N, O, and P form a
line from the lower region of the earmuff domain to its internal
side (Fig. 4C and SI Fig. 8). It is of note that the CD spectra of
the mutants N, O, P, and Q showed that these mutants folded
properly (data not shown). Given that histone chaperones
regulate interactions between core histones and DNA, it is

possible that these proteins interact directly with both molecules.
Thus, we investigated the association of WT and mutant SET/
TAF-I�/INHAT proteins with dsDNA and found impaired
binding in mutants N, O, and P (Fig. 4G). Although the bottom
of the earmuff domain is negatively charged (SI Fig. 6C), the
region where the electron density is not observed (residues
168–188) and which may cover the negatively charged surface
has several basic residues, namely, three lysine and three arginine
residues (Fig. 2 A). Our experiments with the 18 mutants suggest
that this lower part of the earmuff domain is used for binding
both core histones and dsDNA and thus is responsible for the
histone chaperone activity of the protein.

Discussion
Structural analysis of the functional domain of SET/TAF-I�/
INHAT revealed that it forms a dimer with a headphone-like
structure. Recently, the structure of NAP-1, a related histone
chaperone, was reported (21). Although the overall structures of
NAP-1 and SET/TAF-I�/INHAT were similar, the relative
disposition of the earmuff domains differed significantly. This
structural disparity may be responsible for some differences in
how the structures of the two proteins relate to their functions.
Park and Luger (21) predicted that the acidic lower part of the
earmuff domain of NAP-1, with the support of the acidic stretch,
is involved in neutralizing and binding the basic N-terminal
histone tails. In NAP-1, the lower part of the earmuff domain
(domain II) is composed of the �1-, �4-, �5-, and �6-helices
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M, 64; N, 5; O, 7; P, 0; Q, 29; R, 59 (see Materials and Methods).
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along with a short helix between �4 and �5 (Fig. 3A). Our
biochemical analysis of SET/TAF-I�/INHAT, however, did not
suggest that the corresponding helices of SET/TAF-I�/INHAT
(�1, �3, �4, �5, and �7) are involved in histone binding. Instead,
residues on helix �6, on the loop after �4, and on the N-terminal
part of the helix �7 were identified to interact with histones (Fig.
4F). If the equivalent residues would be involved in the histone
binding of NAP-1, this would result in two putative binding sites
in the NAP-1 dimer that face distinct directions; as a result,
NAP-1 could interact with two histone molecules (or complexes)
(Fig. 3A). Alternatively, NAP-1 and SET/TAF-I�/INHAT sim-
ply might use different residues to bind histones. Clarification of
this issue will require the functional analysis of NAP-1 based on
its tertiary structure.

Our structural and biochemical analyses demonstrated that
the bottom of the earmuff domain of SET/TAF-I�/INHAT
interacts with both dsDNA and core histones. The strong
correlation between the DNA-binding and histone chaperone
activities of the SET/TAF-I�/INHAT triple mutants suggests
that the DNA-binding of SET/TAF-I�/INHAT is a requisite step
in its histone chaperone activity. Because the dsDNA- and core
histone-binding surfaces in SET/TAF-I�/INHAT overlap (or lie
very closely adjacent to each other), the dsDNA and core
histones may be closely enough juxtaposed upon binding to the
earmuff domain that they form a prenucleosome complex with
SET/TAF-I�/INHAT. SET/TAF-I�/INHAT could then guide
the dsDNA onto specific sites of the core histones and thereby
determine the initiation site for DNA-winding. These specific
interactions between the three components thus appear to play
a fundamental role in the histone chaperone activity of SET/
TAF-I�/INHAT. Such specific interactions could also prevent
the nonproductive aggregation of the components.

DNA, histones, and SET/TAF-I�/INHAT may associate in
two different ways. The first scenario involves a complex that is
composed only of DNA, histones, and SET/TAF-I�/INHAT. In
this complex, either both earmuff domains of the dimer bind
histones and DNA simultaneously or one earmuff domain binds
histones while the other binds DNA. In the second scenario, the
complex includes not just DNA, histones, and SET/TAF-I�/
INHAT but also another factor or an additional molecule of
SET/TAF-I�/INHAT acts as a bridge between the SET/TAF-
I�/INHAT-histone and SET/TAF-I�/INHAT-DNA complexes.
Further cocrystal structural studies will provide a greater un-
derstanding of the relationship between the structures of histone
chaperones and their chaperone functions.

Materials and Methods
Preparation of Recombinant Proteins. The SET/TAF-I�/
INHAT�C region was PCR-amplified and subcloned into
pET14b (Novagen, Darmstadt, Germany). The SET/TAF-I�/
INHAT triple mutation constructs were generated by site-
directed PCR mutagenesis. The His-tagged SET/TAF-I�/
INHAT WT, �C, and mutant proteins were overexpressed and
purified as described previously (37). Before histone-binding,
DNA-binding, and histone chaperone assays, the recombinant
proteins were dialyzed in dialysis buffer [20 mM Tris�HCl (pH
7.9), 100 mM NaCl, 10% glycerol, 10 mM 2-mercaptoethanol,
and 0.5 mM PMSF].

Histone Chaperone Assay. Histone chaperone activity was mea-
sured as described previously (36). Briefly, 3 pmol SET/TAF-
I�/INHAT (WT or mutants) and 2 pmol core histones were
allowed to form complexes in assembly buffer [10 mM Tris�HCl
(pH 8.0), 150 mM NaCl, 1 mM EDTA, and 100 �g�ml�1 BSA]
during a 15-min incubation at 30°C. Circular DNA (0.05 pmol)
was relaxed by using 5 units of topoisomerase I (Promega,
Madison, WI), then incubated with the histone chaperone/
histone complexes at 30°C for 45 min. The reactions were

stopped by adding a 1/3 volume of stop buffer (1% SDS and 500
�g�ml�1 proteinase K) followed by incubation at 30°C for 15 min.
The plasmids were then extracted by using phenol-chloroform
followed by ethanol precipitation and separated by 1% agarose
gel electrophoresis. The histone chaperone assay was done in
duplicate. The DNA bands were quantified by densitometry
using the program ImageJ (41). The activity of each mutant was
calculated as (band density of the supercoiled DNA)/(band
density of all of the DNA); these values were expressed as
relative activities by normalization with the WT value and
background. Core histones were prepared from HeLa cells
essentially as described previously (42).

Histone-Binding Assay. Histone-binding assays were performed by
incubating 37.5 �g of histone–agarose [calf thymus core histones
conjugated to agarose (Sigma, St. Louis, MO)] with 0.25 pmol
His-tagged SET/TAF-I�/INHAT (WT or mutant proteins) in
binding buffer [20 mM Tris�HCl (pH 7.5), 100 mM NaCl, 10%
glycerol, 1 mM EDTA, 50 mM 2-mercaptoethanol, and 0.25 mM
PMSF] at 4°C for 30 min, followed by four washes in binding
buffer. For competition experiments, increasing amounts of the
each competitor protein [recombinant Xenopus laevis core his-
tones or (H3-H4)2, or BSA] were added to the washed agarose
in a total of 120 �l of binding buffer. After incubation for 60 min
at 4°C, supernatant was separated from agarose beads by cen-
trifugation and precipitated by TCA. Western blot analysis was
performed by separating the washed agarose and supernatant by
SDS/PAGE and transferring it to a poly(vinylidene difluoride)
membrane, followed by probing and visualization using an
anti-HIS probe antibody (Santa Cruz Biotechnology, Santa
Cruz, CA) and SuperSignal reagents (Pierce, Rockford, IL),
respectively. The suitability of these histone–agarose complexes
for our histone-binding experiments was substantiated by an
experiment that showed that, although GST did not bind to
them, the histone-binding corepressor SMRT (43) interacted
specifically with them (data not shown). The Western-blotted
bands were quantified by densitometry using the program Im-
ageJ (41). The relative activity to WT SET/TAF-I�/INHAT was
then calculated for each mutant.

Ni-NTA Pull-Down Assay. Ni-NTA pull-down assays were per-
formed by incubating 20 �l of Ni-NTA His�Bind resin (Novagen)
with 100 pmol SET/TAF-I�/INHAT (WT or �C proteins) in
binding buffer [20 mM Tris�HCl (pH 8.0), 300 mM KCl, 20%
glycerol, 0.2 mM EDTA, 0.1% NP-40, 30 mM imidazole, and 2
mM PMSF] at 4°C for 30 min, followed by washing three times
in the same buffer. The matrix-bound proteins were then mixed
with X. laevis recombinant histones [50 pmol of core histone, 100
pmol of H2A–H2B, or 50 pmol of (H3-H4)2] in 200 �l of binding
buffer at 4°C for 50 min. After washing three times, the
bead-bound fraction was resolved by SDS/PAGE and stained
with Coomassie brilliant blue.

Crystal Structure Determination. Three Met residues were intro-
duced at positions 104, 145, and 166 for the MAD phasing (Fig. 2A).
The selenomethionyl mutant (L104M, L145M, and L166M) was
crystallized by the sitting drop vapor diffusion method as described
previously (37). MAD data collections at 100 K were performed by
using a Quantum 210 CCD camera at beamline NW12 of Photon
Factory (PF)-AR in KEK (Tsukuba, Japan). Diffraction data were
processed and scaled by using the program package HKL2000 (44)
(SI Table 1). SHELXD (45) and SHARP (46) were used to
determine the selenium sites and phases, respectively. Electron-
density modification and model building were performed by using
SOLMON (47) and XtalView (48), respectively. The high-
resolution data set for crystallographic refinement (2.3-Å resolu-
tion) was collected at 100 K by using a Quantum 4R CCD camera
at beamline 6A of PF in KEK. Crystallographic refinement was
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performed by using CNS (49) and REFMAC5 (50). The TLS
parameters were refined by REFMAC5 (50). The final model
comprises 694 residues of the two dimers. A total of 91.3% of all
residues fall in the most favored Ramachandran category, with
8.4% in the allowed category, 0% in the generously allowed
category, and 0.3% in the disallowed category.

Structural Analysis and Molecular Graphics. The buried accessible
surface area was calculated by the formula [(area of monomer
� area of monomer) � area of dimer]. The molecular graphics
were prepared by PyMOL (51). Least-squares fittings were
carried out by using the program LSQKAB from the CCP4
program suite (52).

DNA-Binding Assay. The DNA-binding assays were performed by
incubating 5 �l of calf thymus dsDNA–cellulose (Sigma) with

0.25 pmol SET/TAF-I�/INHAT (WT or mutant proteins) in
binding buffer at 4°C for 30 min, followed by four washings in the
same buffer. Immunoblot analysis was performed as described
above. The DNA-binding assay was done in duplicate. The
Western-blotted bands were quantified by densitometry using
the program ImageJ (41). The relative activity to WT SET/TAF-
I�/INHAT was then calculated for each mutant.
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