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Facilitates chromatin transcription (FACT) plays essential roles in chromatin remodeling duringDNA transcription,
replication, and repair. Our structural and biochemical studies of human FACT–histone interactions present precise
views of nucleosome reorganization, conducted by the FACT-SPT16 (suppressor of Ty 16) Mid domain and its ad-
jacent acidic AID segment. AID accesses the H2B N-terminal basic region exposed by partial unwrapping of the
nucleosomal DNA, thereby triggering the invasion of FACT into the nucleosome. The crystal structure of the Mid
domain complexed with an H3–H4 tetramer exhibits two separate contact sites; the Mid domain forms a novel
intermolecular β structure with H4. At the other site, the Mid–H2A steric collision on the H2A-docking surface of
the H3–H4 tetramer within the nucleosome induces H2A–H2B displacement. This integratedmechanism results in
disrupting the H3 αN helix, which is essential for retaining the nucleosomal DNA ends, and hence facilitates DNA
stripping from histone.
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In the eukaryotic nucleus, genomic DNA is organized
into densely packed chromatin, whose higher-order archi-
tectures are dominated by arrays of the basic repeating
units termed nucleosomes (Luger et al. 1997; Tremethick
2007; Woodcock and Ghosh 2010). The orchestrated ac-
tions of chromatin remodeling factors, such as histone
chaperones, ATP-dependent chromatin remodelers, and
histonemodifiers, rearrange dynamic chromatin architec-
tures at nucleosome or higher-order levels, thereby play-
ing critical roles in gene regulation linked to epigenetics
(Suganuma andWorkman 2011; Narlikar et al. 2013; Gur-
ard-Levin et al. 2014). Facilitates chromatin transcription
(FACT), commonly classified as a histone chaperone pro-
tein, is crucial for gene expression processes from yeast to
humans, since this protein complex reorganizes individu-
al nucleosomes to generate accessible DNA templates
(Belotserkovskaya et al. 2003; Nakayama et al. 2007; Win-
kler et al. 2011; Kwak and Lis 2013; Kemble et al. 2015).

In the chromatin-based transcription, the human FACT
(hFACT) in fact facilitates RNA polymerase II-driven
elongation by helping to displace a histone H2A–H2B
dimer from the nucleosome (Belotserkovskaya et al.
2003). On the other hand, Drosophila FACT counteracts
the spreading of silent chromatin at the boundary between
heterochromatin and euchromatin, highlighting its im-
portant roles in epigenetic regulation (Nakayama et al.
2007).
The heterodimeric FACT molecule, a highly conserved

eukaryotic protein, consists of a structure-specific recog-
nition protein-1 (SSRP1) and a larger subunit, SPT16 (sup-
pressor of Ty 16). Together, these subunits have five
structural domains: the heterodimerization domain, the
middle domain and HMG domain of SSRP1, and the ami-
no-peptidase-like domain and middle domain (Mid, resi-
dues 644–930 in humans) of SPT16 (Fig. 1A; VanDemark
et al. 2006, 2008; Tsunaka et al. 2009; Hondele et al.
2013; Kemble et al. 2013). The individual domains are
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connected by several intrinsically disordered regions
(IDRs). Genetic and structural studies indicated that the
SPT16-Mid domain from fungi plays key roles in histone
recognition by FACT (Myers et al. 2011; Hondele et al.
2013; Kemble et al. 2013). The C-terminal region of
SPT16, which includes a highly acidic segment (AID, res-
idues 931–988 in humans) (Fig. 1A), is also critical for the
histone chaperone activity of FACT (Belotserkovskaya
et al. 2003; Winkler et al. 2011; Kemble et al. 2015). Nota-
bly, the FACT subunits display an intriguingly broad
range of physical and genetic interactions with other fac-
tors involved in DNA transcription, replication, and re-
pair (VanDemark et al. 2006; Heo et al. 2008; Ransom
et al. 2010; Kwak and Lis 2013). Therefore, it appears to
universally play key roles in nucleosome dynamics during
different processes within nuclei. In spite of this broad
functional spectrum, remarkably, every eukaryotic spe-
cies contains only one ortholog of the FACTcomplex, sug-
gesting that FACT should conduct universal actions in
terms of chromatin remodeling. In this context, the func-
tional behaviors of FACT appear to be somewhat distinct
from those of other conventional histone chaperones,
while the precise mechanism for actions of FACT on nu-
cleosomes remains elusive.

Here, we reveal the precise molecular mechanism for
nucleosome reorganization by hFACT. The introduction
of a double-strand break (DSB) into the nucleosomal
DNA in the close vicinity of the H2B N-terminal tail
(N-tail) allows hFACT to efficiently form a complex
with nucleosomes. Notably, the interaction of the H2B
N-tail with AID facilitates the invasion of the adjacent
hFACT Mid domain (hMid) into nucleosomes. Thus, the
hMid domain associates with the H2A-docking surface
of the H3–H4 tetramer [(H3–H4)2] and thereby displaces
an H2A–H2B dimer (H2A–H2B) from nucleosomes. The
displacement generates disorder of the H3 αN-helix struc-
ture and results in the stripping of the nucleosomal DNA
ends from the histone octamer. This scenario for nucleo-
some reorganization could be generalized for various
nuclear processes whose progressions are impeded by
nucleosomes.

Results

FACT binds to DSB nucleosomes in the close vicinity
of the H2B N-tail

hFACT binds to a histone H2A–H2B dimer and a histone
H3–H4 complex (Winkler et al. 2011). In addition, we re-
vealed that hFACT interacts with a histone octamer to
form a complex with a histone hexamer, which lacks
one H2A–H2B dimer from the octamer (Supplemental
Fig. S1A). In contrast, hFACT phosphorylated in insect
cells never interacts with the intact nucleosome reconsti-
tuted from recombinant human histones and a 145-base-
pair (bp) Widom 601 DNA (Fig. 1B; Lowary and Widom
1998), indicating that the nucleosomal DNA blocks the
interaction of hFACTwith histone proteins. On the other
hand, the dephosphorylated FACT nonspecifically inter-
acts with the nucleosomal DNA (Tsunaka et al. 2009;

Figure 1. hFACT interacts with nucleosomes at double-strand
break (DSB) sites in contact with H2A–H2B dimers. (A) Domain
organization of hFACT. Human Mid (hMid)-AID, hMid, and
AID proteins were used in this study. (B) EMSAs (electrophoretic
mobility shift assays) detected no complex of hFACT or hMid–
AIDwith intact nucleosomes. (C ) DSB sites aremarked by arrows
on the crystal structure of one-half of a human nucleosome (Pro-
tein Data Bank [PDB] code 2CV5). Red dotted lines denote two
H2B N-terminal tails (N-tails) passing between DNA gyres. An
asterisk indicates the other H2B N-tail of H2A–H2B in one-half
of a nucleosome lacking DSB. (D) EMSAs detected complexes of
hFACTor hMid–AIDwithDSB nucleosomes at the positions rep-
resented in C as well as hexasomes upon addition of hFACT or
hMid–AID. (E) Ratios of the complexes of hFACT (blue) or
hMid–AID (pink) with DSB nucleosomes in the EMSAs repre-
sented in D. hFACT and hMid–AID most efficiently form the
complexes at the DSB sites (33 base pairs [bp] and 112 bp
[33/112 bp]) in the close vicinity of the H2B N-tail. Data are
mean and SD for each data point. n = 3. (ND) Not determined;
band intensities of complexes were below our detection limit.
(F ) Confirmation of hexasome formation by hFACT. (Middle
lane) Upon addition of hFACT, the hexasome band appears.
(Right lane) Upon further addition of H2A–H2B, the hexasome
band disappears, as the nucleosome band recovers. Simultane-
ously, the H2A–H2B addition results in a supershift of the com-
plex, suggesting that the complex reacquires free H2A–H2B.
Experiments were repeated at least three times.
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Winkler et al. 2011). Thus, we used the phosphorylated
hFACT to avoid the nonspecific DNA binding by the de-
phosphorylated hFACT.
Transcription generates positive superhelical torsion in

DNA ahead of RNA polymerase (Liu and Wang 1987).
In the chromatin-based transcription, the superhelical tor-
sion locally disrupts DNA–histone contacts within the
nucleosome (Sheinin et al. 2013). In addition, the previous
structural reports indicate competitive relationships be-
tween the nucleosomal DNA and several histone chaper-
ones, including FACT, during the association with
internal histones (Hu et al. 2011; Winkler et al. 2011;
Elsässer et al. 2012; Liu et al. 2012; Chen et al. 2015;
Huang et al. 2015; Kemble et al. 2015; Richet et al.
2015). Thus, we assumed that the interaction of hFACT
with nucleosomes would involve local detachments of
the nucleosomal DNA from histones (Winkler et al.
2011; Hsieh et al. 2013; Kemble et al. 2015). Our prelimi-
nary analysis revealed that hFACT forms stable complex-
es with nucleosomes treated with DNase I (data not
shown). This result implies that DNA cleavages on nucle-
osomes would cause partial unwrapping of the nucleoso-
mal DNA in the vicinity of the cleavage sites upon
contacting hFACT, which subsequently allows direct in-
teractions with internal histones. This tempted us to sys-
tematically analyze the DSB sites, where hFACT most
efficiently forms a complex with nucleosomes. We pro-
duced a series of nucleosomes containing one DSB site
at different positions (Fig. 1C; Supplemental Fig. S1B). No-
tably, when comparing ratios of successfully reconstitut-
ed DSB nucleosomes between the left half of the 601
DNA segment (601L) and the right half of 601 (601R),
601L showed more efficient reconstitution than 601R
(Supplemental Fig. S1B). This agrees with the previous re-
port, which found that 601L has a higher affinity for the
histone octamer than 601R (Chua et al. 2012). In addition,
as described later, nucleosomes containing DSB in 601L
were almost completely protected from nuclease diges-
tion, suggesting that DSBs in 601L retain the nucleosome
structure. EMSAs (electrophoretic mobility shift assays)
using these DSB nucleosomes revealed that hFACT
more efficiently forms complexes at DSB sites in contact
with H2A–H2B dimers, whereas the complex formation
is hardly observed near the entry–exit and center sites
(Fig. 1C–E; Supplemental Fig. S1C,D). The DSB sites in-
teracting with hFACT are consistent with the region
cross-linked with histone H2B, as recently identified by
a chromatin immunoprecipitation (ChIP) exonuclease
(ChIP-exo) assay (Rhee et al. 2014). Most notably, the
N-tails of H2B pass between two gyres of the nucleosomal
DNA near these sites (Supplemental Fig. S1E; Luger et al.
1997; Tsunaka et al. 2005), implying that hFACT may in-
teract with the H2B tail exposed by DSBs. Furthermore,
the interaction between FACT and nucleosomes does
not occur at entry–exit sites of nucleosomes, since the
complex formations with FACT are not observed for
13-bp and 132-bp DNAs (13/132-bp DSBs) or intact nucle-
osomes (Fig. 1B–E).
The interaction between hFACT and DSB nucleosomes

produced much faster mobility bands, corresponding to

hexasome, which lacks one H2A–H2B dimer in nucleo-
somes (Fig. 1D; Belotserkovskaya et al. 2003). This inter-
pretation was validated by adding extra H2A–H2B
dimers to the reaction mixtures of hFACT and nucleo-
somes (Fig. 1F); upon the addition of H2A–H2B, the hexa-
some band disappeared, as the nucleosome band
recovered. In fact, the quantified intensity of the nucleo-
some band in the last lane of Figure 1F is increased by
∼30% in comparison with that in the middle lane. Simul-
taneously, theH2A–H2B addition results in a supershift of
the complex (Fig. 1F, last lane), suggesting that the com-
plex reacquires free H2A–H2B. On the other hand, the dis-
placed H2A–H2B upon the addition of FACT would
interact with FACT free from the complex in this assay.
In a gel filtration (GF) assay, hFACTmixed with a histone
octamer was eluted as a complex with a histone hexamer,
indicating that one H2A–H2B dimer was evicted from the
octamer by hFACT (the band intensity of H2B was 45.7%
relative to theH4 band intensity) (Supplemental Fig. S1A).
Based on these results from our original assay, we suggest
that the introduction of DSBs in the close vicinity of the
H2B N-tail allows hFACT to efficiently interact with his-
tones in nucleosomes, thereby inducing the conversion of
nucleosomes into hexasomes.
We next investigated which regions of hFACT are re-

sponsible for binding to DSB nucleosomes. The hMid
domain plus its C-terminal AID segment (hMid–AID)
(Fig. 1A) showed the same tendency as the full-length
complex in the above assay using DSB nucleosomes (Fig.
1D,E). Similarly to hFACT, hMid–AID formed stable com-
plexes with the DSB nucleosomes and increased the rate
of hexasome production (Fig. 1D). These observations
led us to the conclusion that the hMid domain and the
AID segment play dominant roles in the interaction of
FACTwith DSB nucleosomes and the subsequent conver-
sion to hexasomes. In contrast, in the same assay using
hMid–AID in place of FACT in Figure 1F, we failed to ob-
serve a supershift of the complex as well as nucleosome
recovery upon the H2A–H2B addition due to smeared
gel patterns (data not shown). This indicates that hMid–
AID has no obvious nucleosome reassembly activity, in
contrast to FACT.

Crystal structure of the hMid–AID/(H3–H4)2 complex

To clarify how the hMid domain and the AID segment
behave to histones in nucleosome, we determined
two X-ray crystal structures: the hMid domain alone at
1.92 Å resolution (Supplemental Table S1; Supplemental
Figs. S2A, S3A) and the complex of hMid–AIDwith a near-
ly intact human H3Δ34–H4 tetramer (H3 residues 35–135
and H4 full length) at 2.98 Å resolution (Fig. 2A; Supple-
mental Table S1; Supplemental Fig. S3B). The comparison
of the hMid backbone structure with the two Mid struc-
tures from Saccharomyces cerevisiae and Chaetomium
thermophilum exhibited high similarity, with 1.16 and
1.13 Å rootmean square deviation (RMSD) values, respec-
tively (Supplemental Fig. S2A; Hondele et al. 2013; Kem-
ble et al. 2013). The complex structure showed that hMid–
AID contacts one entire molecule of (H3–H4)2 through
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interactions with each molecule of four histone proteins
(H3, H4, H3′, and H4′) at two separate sites. The binding
sites are entirely different from those in the previous
binding assay using histone H3 peptides (Hondele et al.
2013) located within the globular domain of (H3–H4)2.
In addition, this binding scheme is quite novel in compar-
ison with other structures of the complexes so far deter-
mined between histone chaperones and an H3–H4 dimer
(Supplemental Fig. S2B; English et al. 2006; Natsume
et al. 2007; Hu et al. 2011; Elsässer et al. 2012; Liu et al.
2012). Importantly, the hMid–AID/(H3–H4)2 complex re-
tains the original (H3–H4)2 subunit structure composed
of two copies of an H3–H4 dimer, whereas other histone
chaperones disrupt the structure of an H3–H4 tetramer
to form complexes with an H3–H4 dimer (English et al.
2006; Natsume et al. 2007; Hu et al. 2011; Elsässer et al.
2012; Liu et al. 2012). Recently, the crystal structures of
the MCM2/(H3–H4)2 and Spt2/(H3–H4)2 complexes
have been determined (Chen et al. 2015; Huang et al.
2015; Richet et al. 2015). These complexes retain the orig-
inal (H3–H4)2 structure in the same manner as that of
the hMid–AID/(H3–H4)2 complex. However, the binding
sites of these three complexes are entirely dissimilar to
each other, except for partial overlapping among the
three structures, as described in detail later (Supplemental
Fig. S2C).

In the complex structure, one binding site constitutes a
three-stranded anti-parallel β sheet by combining one
strand from hMid–AID and the original β structure be-
tween H4′ and H3′, thus establishing a 479 Å2 interface
(site 1) (Fig. 2B; Supplemental Fig. S3C). Residues at site
1 of hMid–AID are highly conserved in a sequence align-
ment among metazoans but are diverged in fungi (Supple-
mental Fig. S4A). The comparison of the free and histone-
bound hMid domains reveals few differences in main

chain structures, except for the alteration of a flexible
loop toward the β structure at this binding site (Sup-
plemental Fig. S2D). This binding site is quite similar
to those in the MCM2/(H3–H4)2 and Spt2/(H3–H4)2 com-
plexes, both of which form the β structure at the same
position as site 1 (Supplemental Fig. S2C; Chen et al.
2015; Huang et al. 2015; Richet et al. 2015). However,
these amino acid sequences are completely different
from each other (Supplemental Fig. S2C). Therefore, the
structural aspect rather than the sequence at site 1 may
be important.

The other binding site contains a mixture of hydropho-
bic and hydrophilic interactions with H3, H4, and H3′ to
construct a broad interface of 923 Å2 (site 2) (Fig. 2C; Sup-
plemental Fig. S3B,C). Residues at site 2 of hMid are evo-
lutionarily conserved across species fromyeast to humans
(Supplemental Fig. S4A), supporting their functional
importance. Residues (Arg847, Gln849, Leu852, Lys853,
Asn854, and Asp856) of hMid–AID bound to (H3–H4)2
are mostly concentrated in a loop, which we named
the (H3–H4)2-binding loop. Notably, the side chain of
Leu852 in hMid–AID is flipped out from hydrophobic
core within hMid so as to interact with the Val101 side
chain of H3 (Supplemental Fig. S3D). Hydrophilic interac-
tions mainly accompany the rearrangements of polar side
chains of (H3–H4)2, such as Glu105 of H3, Lys122 and
Arg129 of H3′, and Arg40 and Lys44 of H4 (Supplemental
Fig. S3E). These extensive interactions result in a 7° rota-
tion of oneH3–H4 dimer half in the complex, as compared
with (H3–H4)2 within the nucleosome (Supplemental
Fig. S2E).

The interactions between hMid–AID and (H3–H4)2
were validated by a combined approach of biochemical
and thermodynamic assays, including site-directed muta-
genesis. Wild-type hMid–AID forms a 1:1 complex with

Figure 2. hMid–AID interacts with a histoneH3–H4
tetramer [(H3–H4)2] at two separate sites. (A) Crystal
structure of the complex between hMid–AID (pink)
and (H3–H4)2 (H3 [cyan], H3′ [blue], H4 [yellow green],
and H4′ [green]). Dotted lines indicate disordered re-
gions of hMid–AID and histones. Red dotted boxes
show the two binding sites (site 1 and site 2). (B,C )
Close-up views showing the three-stranded anti-par-
allel β-sheet structure in site 1 (B) and the mixture
of hydrophobic and hydrophilic interactions in site
2 (C ). Hydrogen bonds are indicated by gray dashed
lines, and contact residues are depicted. The represen-
tation of G745 in B indicates the adjacent residue of
E746 on hMid–AID.
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intact (H3–H4)2 in GF chromatography (Fig. 3A). In
contrast, the mutations at the two binding sites of
hMid–AID (hMidm1m2–AID; Δ746–751/S813A/E829A/
R847A/Q849A/L852A/K853A/N854A/D856A) abolish
the complex formation with (H3–H4)2 (Fig. 3A). Isother-
mal titration calorimetry (ITC) measurements of the
binding between hMid–AID and (H3–H4)2 revealed endo-
thermic binding with a 2 µM dissociation constant (Kd)
and a 1:1 stoichiometry, whereas the Kd value of
hMidm1m2–AID is increased by approximately fivefold
(Fig. 3B; Supplemental Fig. S5). Notably, the GF and ITC
assays exhibited the 1:1 stoichiometry even in solution,
excluding the possibility that a 2:1 complex is formed be-
tween hMid–AID and (H3–H4)2. In GF and ITC assays on
the histone side, mutations of the polar residues on H3

(H3m2; E105A/K122A/R129A) prevented the complex
formation with hMid–AID and also reduced the affinity
by fivefold (Fig. 3A,B; Supplemental Fig. S5). Taken to-
gether, these results demonstrate that the mutated resi-
dues are important for association between hMid–AID
and the H3–H4 tetramer. Furthermore, the previous re-
port showed that the S765P (the corresponding mutation
at G745, the adjacent residue of E746 in humans) (Fig.
2B; Supplemental Fig. S4A) and E857K (the corresponding
mutation at E829 in humans) (Fig. 2C; Supplemental Fig.
S4A) mutations in yeast SPT16 result in reduced recruit-
ments of FACT to highly transcribed regions of the S. cer-
evisiae genome (Hainer et al. 2012), supporting the
biological significance of the hMid–AID/(H3–H4)2 com-
plex structure.

Figure 3. Biochemical analyses of the interaction be-
tween hMid–AID and (H3–H4)2. (A) GF analyses show
that mutations of residues at site 1 and site 2 disrupt
the complex between hMid–AID and (H3–H4)2. Pro-
tein mixtures with stoichiometric amounts were
eluted from a Superdex200 10/300 column in 750
mM NaCl. Elution profiles and the corresponding
SDS-PAGE are shown at the left and right sides, re-
spectively. (B) ITC measurements between various
hFACT and (H3–H4)2 constructs in 750 mM NaCl
at 25°C. ITC profiles and fitting data are shown in
Supplemental Figure S5. Data are mean ± SD for
each data point. n = 3.
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Meanwhile, in theGF assay, the deletion of theAID seg-
ment from hMid–AID completely abolished the interac-
tion with (H3–H4)2 (Supplemental Fig. S6). In addition,
AID alone exhibits the significant thermal transition
upon binding to (H3–H4)2 in the ITCmeasurements (Sup-
plemental Fig. S5). This implies that the bindings ob-
served in ITC measurements of hMidm1m2–AID and
H3m1–H4 mutants are ascribed to the interaction be-
tween AID and H3–H4. Therefore, AIDmay play a crucial
role in the affinity for an isolated H3–H4 tetramer, al-
though AID was disordered in the hMid–AID/(H3–H4)2
complex structure at the atomic level (Fig. 2A). As de-
scribed later, AID makes functionally critical contribu-
tions to nucleosome reorganization.

Structural basis for H2A–H2B displacement and DNA
stripping by hFACT

To investigate the mechanism for H2A–H2B displace-
ment from nucleosomes by hFACT, we constructed a
model in which hMid was docked to the human nucleo-
some structure (Tsunaka et al. 2005) by making the
best superposition of the (H3–H4)2 structures between
hMid–AID/(H3–H4)2 and nucleosomes (Fig. 4A; Supple-
mental Fig. S7A). Overall, this model is stereochemically
reasonable; the histone regions generate few collisions,
and a broad basic surface of hMid contacts the nucleoso-
mal DNA around the central region (Supplemental Fig.
S7A). However, the acidic surfaces of hMid cause steric
hindrance with the nucleosomal DNA at one end and at
a position ∼10 bp distant from the dyad axis (Supplemen-
tal Fig. S7A,B). Notably, at the latter position, hMid forms
an intermolecular β structure with H4 (Fig. 2B), which is

important for retaining the acidic surface structure (Sup-
plemental Fig. S7A,B). These features imply that electro-
statically repulsive forces between hMid and DNA
contribute to the peeling of the nucleosomal DNA.

Remarkably, in site 2, the C-terminal docking segment
of H2A (residues 107–119), which makes extensive con-
tacts to traverse the surface of (H3–H4)2 within nucleo-
somes, is replaced by the (H3–H4)2-binding loop of hMid
(Fig. 4B). In more detail, hMid–AID and the H2A-docking
segment in nucleosomes share interactions with key res-
idues (Val101 and Glu105 of H3, Arg129 of H3′, and
Lys44 of H4) on the contact surface of (H3–H4)2 (Fig.
4C). The (H3–H4)2-binding loop of hMid also clashes
with more residues of the H2A-docking segment, such
as Ile87, Arg88, and residues of Gly105–Leu116. In addi-
tion, the previous report indicates that the extensive
lack of the H2A-docking segment leads to prominent
structural perturbations within nucleosomes (Shukla
et al. 2011). Taken together, it is convincing that the
H2A-docking segment, which occupies the same site as
the (H3–H4)2-binding loop, is detached from histones
H3–H4 upon invasion of hMid–AID into nucleosomes,
thereby inducing the conversion of nucleosomes into hex-
asomes. In good agreementwith this scenario, the interac-
tion of hMid–AID with DSB nucleosomes facilitated the
conversion from nucleosomes to hexasomes, whereas
the hexasome formation of hMidm1m2–AIDwas reduced
by approximately twofold in comparison with the wild
type (Fig. 5A).

As observed in both the human nucleosome structure
and chicken erythrocyte histone octameric structure
(Wood et al. 2005), the H2A-docking segment forms hy-
drophobic interactions with the αN helix of H3 (residues

Figure 4. Structural model of H2A–H2B
displacement from nucleosomes by hMid–
AID. (A) Docking model constructed
by making the best superposition of the
(H3–H4)2 structure between hMid–AID/
(H3–H4)2 and the nucleosome (PDB code
2CV5). hMid is colored deep pink. The red
box represents a close-up view shown in
the middle panel of B. (B) H2A–H2B is dis-
placed from nucleosomes by steric hin-
drances. (Left panel) The (H3–H4)2 binding
loop on hMid–AID (deep pink) interacts
with (H3–H4)2 in the hMid–AID/(H3–H4)2
structure (black arrow). (Middle panel)
The clashing loop on hMid–AID collides
with the H3 αN helix in the docking model
(black arrow). (Middle and right panels)
Both the (H3–H4)2-binding loop and the
clashing loop on hMid–AID cause steric
hindrances (red arrows in themiddle panel)
around the H2A-docking segment (yellow)
and the H3 αN helix (cyan), which form hy-
drophobic interactions to tether H2A–H2B
to (H3–H4)2 in the nucleosome (right pan-
el). (C ) Detailed views of hMid–AID in the

hMid–AID/(H3–H4)2 complex (left panel) and the H2A-docking segment in nucleosomes (right panel) on the contact surface of
(H3–H4)2 (colored as in Fig. 2A). They share interactions with key residues (Val101 and Glu105 of H3, Arg129 of H3′, and Lys44 of H4).
Hydrogen bonds are indicated by gray dashed lines, and contact residues are depicted. Water molecules are shown as orange balls.

Tsunaka et al.

678 GENES & DEVELOPMENT



45–56), thereby fixing this helix to H2A and H4. The
detachment of this docking segment would destabilize
the αN helix of H3. One loop of hMid (Val897–Ser899)
also clashes with the αN helix of H3 in the dockingmodel
(Fig. 4B). As observed in the hMid–AID/(H3–H4)2 complex
structure (Fig. 2A), these two factors appear to cause the
disorder of the αN helices of H3. Importantly, the struc-
tural disorder of the αN helix would result in the detach-
ment of the nucleosomal DNA ends, fixed by basic
residues (Arg49, Arg53, and Lys 56) of the αN helix (Fig.
4B). The docking model also shows that the steric hin-
drance with the acidic moiety of hMid at the correspond-

ing DNA end may facilitate the peeling of DNA from the
histone surface (Supplemental Fig. S7A,B). Taken togeth-
er, we propose that H2A–H2B displacement by hMid–
AID leads to DNA stripping. In agreement with this inter-
pretation, the nucleosomal DNA ends are detached from
nucleosomes, which contain H2A lacking the docking
segment, similar to hexasomes (Shukla et al. 2011; Ari-
mura et al. 2012).
To obtain definite evidence, we examined the nuclease

susceptibility of the nucleosomal DNA using mixtures of
hMid–AID and a DSB nucleosome reconstituted with
33-bp and 112-bp DNAs (33/112-bp DSB nucleosome)
(Fig. 5B,C). In 33/112-bp DSB nucleosomes alone, both
DNA fragments were completely protected from exonu-
clease III (ExoIII) digestion. In the mixture, only 112-bp
DNAwas protected, whereas 33-bp DNAwas completely
digested with ExoIII (Fig. 5B). Similar digestion patterns
were also observed in micrococcal nuclease (MNase) as-
says (Fig. 5C). These results indicate that the 33-bp
DNA segment is stripped from the nucleosomal end
upon the invasion of hMid–AID into DSB nucleosomes.
However, similar to the previous report (Arimura et al.
2012), the 112-bp DNA segment was protected from nu-
clease digestion. We thus conclude that hMid–AID and
hexasomes lacking one H2A–H2B dimer are able to form
the nuclease-protected stable complex. The same results
were observed for the full-length hFACT molecule (Fig.
5B,C), indicating that hMid–AID alone completely re-
flects nucleosome reorganization by hFACT.

AID simultaneously interacts with the H2B N-tail
and (H3–H4)2

The docking model revealed the critical roles of hMid in
nucleosome reorganization. However, hMid alone, with-
out AID, lacks the ability to conduct H2A–H2B displace-
ment and DNA stripping from nucleosomes (Fig. 5A–C).
In contrast, using a series of AID-truncated mutants, the
binding assay revealed that hMid–AID with >34 residues
of AID is essential for the complex formation with DSB
nucleosomes and the simultaneous increase in hexasome
production (Fig. 6A). These results suggest that AID plays
a critical role in correctly bringing hMid to the H2A-dock-
ing surface of (H3–H4)2. Nevertheless, AID alone was
less efficient in hexasome production and DNA stripp-
ing than hMid–AID (Fig. 5A–C), indicating that their co-
operative action is required to accomplish nucleosome
reorganization.
Meanwhile, hMid–AID exhibited the most efficient ac-

cessibility to DSB nucleosomes in the close vicinity of the
basic H2B N-tail (Fig. 1C–E). Thus, GF analyses were car-
ried out to observe the direct interactions between AID
and the H2B N-tail using truncated mutants of hMid–
AID and the isolated H2A–H2B dimer. The full-length
H2A–H2B and the mutant lacking the partial H2B N-tail
(deletion of residues 1–26, H2A–H2BΔ26) formed a stable
complex with hMid–AID (Fig. 6B). However, H2A–H2B
lacking the entire H2B N-tail (deletion of residues 1–34,
H2A–H2BΔ34) lost this binding ability (Fig. 6B). These re-
sults indicate that the proximal segment in theH2BN-tail

Figure 5. Biochemical analyses of H2A–H2B displacement from
nucleosomesbyhMid–AID. (A) EMSAsdetectedhexasomeforma-
tion upon binding of hMid–AID and its mutants to DSB nucleo-
somes. Indicated values for ratios (percentages) of hexasome
bands are mean ± SD for each data point. n = 3. Hexasome forma-
tionbyhMidm1m2–AID,AID,andhMid is reduced incomparison
with thewild type. (B,C ) Exonuclease III (ExoIII) (B) andmicrococ-
calnuclease (MNase) (C ) treatmentassaysof thecomplexbetween
DSBnucleosomes andvarioushFACTconstructs. Similarly to the
ExoIII assays,MNase completely digests a 33-bpDNA in the com-
plexes with hFACT and hMid–AID but not those with hMid and
AID. Experiments were repeated at least three times.
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(resides 27–34 in humans) is important for the interaction.
Similarly, hMid lacking AID did not bind to the full-
length H2A–H2B (Fig. 6B). The ITC analyses provided
overall consistent results for the same mutant proteins
(Supplemental Fig. S8A). Notably, the ITC analyses also
showed that both AID alone and hMid–AID interact
with the full-length H2A–H2B to a similar extent (Supple-
mental Fig. S8A). Collectively, these findings indicate
that AID and the H2BN-tail are important for the interac-
tion between FACT and H2A–H2B.

To further clarify the functional role of AID, whose
structure is not observed in the crystal (Fig. 2A), we per-
formed a GF assay of AID mixed with a histone octamer
(Supplemental Fig. S8B). The histone octamer disinte-
grated into the H2A–H2B dimer and H3–H4 tetramer
in 500 mM NaCl buffer. In contrast, the mixture of
AID and the histone octamer in the same buffer was
eluted at the stoichiometry of the histone octamer,
indicating that AID can promote the formation of the his-
tone octameric complex. Thus, AID is likely to make

Figure 6. AID interacts with the H2B N-tail. (A)
EMSAs show that the AID lengths of hMid–AID are
critical for complex formation with DSB nucleo-
somes and the simultaneous increase in hexasome
production. Experiments were repeated at least twice.
(B) GF analyses show that AID and the H2BN-tail are
required for interaction between hMid–AID and
H2A–H2B. Protein mixtures with stoichiometric
amounts were eluted from a Superdex200 10/300 col-
umn in 500 mMNaCl. Elution profiles and the corre-
sponding SDS-PAGE are shown at the left and right
sides, respectively.
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simultaneous interactions with the H2A–H2B dimer and
H3–H4 tetramer.

Discussion

Our structural and biochemical studies reveal the inte-
grated molecular mechanism of nucleosome reorgani-
zation involving H2A–H2B displacement by hFACT
(Fig. 7). Initially, the AID segment interacts with the
H2B N-tail detached from the nucleosomal DNA, possi-
bly due to a local disruption of DNA–histone contacts
by actions of other factors. Next, the hMid domain cor-
rectly binds to the H2A-docking surface of the nucleo-
some. Thus, hMid displaces an H2A–H2B dimer from
the nucleosome through steric collisions on the H2A-
docking surface of (H3–H4)2. Simultaneously, this results
in inducing the disorder of the H3 αN helix. Consequent-
ly, the complex between FACT and the hexasome strips
∼30 bp of the nucleosomal DNA from histones. The
DNA strippingmay facilitate the invasion of other remod-
eling factors and polymerases, which must surmount the
barriers against their progress (Kulaeva et al. 2013). On the
other hand, the H2A–H2B dimer displaced from (H3–H4)2
may remain tethered to the nucleosome via FACT, for in-

stance, through transient interactions possibly retained
between FACT–AID and the H2B N-tail.

The significance of a space created between DNA
and the H2B N-tail

In the H2B N-terminal-proximal segment, a highly basic
and conserved H2B repression region (HBR) (residues 27–
34 in Supplemental Fig. S4B) is buried by DNA in nucleo-
somes, passing through the two gyres of DNA (Supple-
mental Fig. S1E; Luger et al. 1997; Tsunaka et al. 2005).
TheHBR of H2B appears to lock histone octamers into po-
sition on the DNA and thus may mediate the structural
and dynamic polymorphism of nucleosomes (Sivolob
et al. 2003). In fact, DSBs at the direct contact site with
theHBR (122/23-bpDSB)were found to cause nucleosome
deformation (Supplemental Fig. S1B), suggesting that the
HBR is crucial to stabilize the nucleosome structure (Par-
ra et al. 2006; Nag et al. 2010). On the other hand, the HBR
is necessary for yeast FACT (yFACT) to bind to H2A–H2B
(Zheng et al. 2014). Furthermore, hFACT and DNA com-
pete with each other for nonnucleosomal H2A–H2B bind-
ing (Winkler et al. 2011). Naturally, FACT binding and
DNA binding to the HBR are mutually competitive; the
HBR should be detached from DNA before FACT can en-
gage in the interaction with the H2BN-tail. Hence, we as-
sume that DSBs in the close vicinity of the H2B N-tail
would generate specific unwrapping of the nucleosomal
DNA by an unknown mechanism, possibly through elec-
trostatic AID actions. Consistently, in response to addi-
tion of AID, the DSB nucleosome becomes more
susceptible to digestion by MNase and ExoIII (Fig. 5B,C).
On the other hand, hMid–AID addition results in more

efficient digestion of DSB nucleosomes than that of AID
(Fig. 5B,C). In addition, hMid–AID ismore efficient in hex-
asome production than AID (Fig. 5A). This suggests that
AID binding to DSB nucleosomes facilitates the local
DNA detachment from the HBR near DSBs but cannot ac-
complish more extensive DNA stripping, which requires
H2A–H2B displacement by hMid invasion into the nucle-
osome. Therefore, the DNA stripping coupled with
H2A–H2B displacement should be discriminated from
the local DNA detachment from histones to expose the
H2B N-tail. The DNA stripping coupled with H2A–H2B
displacement would be an irreversible alteration of nucle-
osome structure unless H2A–H2B is reassembled. Thus,
this may be followed by the invasion of other factors,
such as histone chaperones and remodeling factors, there-
by leading to further disruption of nucleosome and
histone replacement. In contrast, the local DNA detach-
ment from the H2BN-tail is a dynamic process that possi-
bly involves a temporal alteration of two DNA gyres
within nucleosomes. This detachment is crucial for
FACT to subsequently invade into nucleosomes and
cause larger alterations of the nucleosome structure.
What factors induce the detachment of the nucleoso-

mal DNA from the HBR during the DNA transaction pro-
cesses within nuclei? First, the DNA torsional strain,
generated by elongating polymerases, locally disrupts
DNA–histone contacts within nucleosomes (Sheinin

Figure 7. Schematic diagrams showing the integrated mecha-
nism for nucleosome reorganization by hFACT. Histone proteins
and DNA in nucleosomes are indicated by different colors as fol-
lows: H2B (red), H2A (yellow), H3 (blue), H4 (green), and DNA
(light sea green). FACT, hMid, and AID are each colored in ma-
genta. Blue boxes show the two αNhelices of H3.Wavy lines rep-
resent the disordered regions of proteins. The invading stage
involves speculation, because the corroborative assays (Fig. 1)
are based on the assumption that DSB nucleosomes mimic the
exposure of internal histones from DNA by other factors. How-
ever, the interaction of AID with the H2B N-tail was revealed
by our biochemical data (Fig. 6). The displacing stage is entirely
supported by our crystal structure and the related biochemical
data (Figs. 2, 3, 4, and 5A). At the stripping stage, the DNA strip-
ping is supported by our nuclease susceptibility assays (Fig. 5B,
C). On the other hand, the anchoring of H2A–H2B via AID is
based on the interpretation that AID simultaneously binds to
one H3–H4 tetramer and one H2A–H2B dimer. This interpreta-
tion is supported by our biochemical data (Fig. 1F; Supplemental
Fig. S8B).
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et al. 2013; Teves andHenikoff 2014). Second, ATP-depen-
dent chromatin remodelers, such as ISWI and SWI/SNF,
also disrupt local DNA–histone contacts, creating DNA
loops or bulges on nucleosomes during DNA transloca-
tion (Mueller-Planitz et al. 2013; Bartholomew 2014).
Such disruption of local DNA–histone contacts may pro-
mote the exposure of the HBR, which triggers the FACT
invasion into nucleosomes. Indeed, an ATP-dependent
remodeler is required for the FACT-dependent histone
H3.3 replacement at chromatin boundaries (Nakayama
et al. 2012). Third, DNA lesions may be removed through
complex pathways involving disruptions of local DNA–

histone contacts. In fact, FACT-dependent H2A–H2B ex-
change is accelerated at UV-induced DNA damage sites
in mammalian cells (Heo et al. 2008; Dinant et al. 2013).

General implications for nucleosome reorganization
by hFACT

Several mechanisms have been proposed so far for nucle-
osome reorganization by FACT. In all of these mecha-
nisms, FACT and DNA exhibit mutually competitive
binding to H2A–H2B within nucleosomes (Winkler et al.
2011; Hsieh et al. 2013; Zheng et al. 2014; Kemble et al.
2015). Thus, FACT shields DNA-binding surfaces of
H2A–H2B within nucleosomes and partially peels DNA
from histones. In agreement with this interpretation, we
suggest that hFACT interacts with the H2B N-tail de-
tached from the nucleosomal DNA, thereby striping
∼30 bp of the nucleosomal DNA from histones after
H2A–H2B displacement at the final step (Fig. 7). However,
our findings contradict the previous study, suggesting that
the FACTMid domain binds to an H2A–H2B dimer (Hon-
dele et al. 2013). This previous study relies on the crystal
structure of a complex in which a mismatched pair of aC.
thermophilum FACT Mid domain and a Xenopus
H2A–H2B dimer were fused to each other. Such fusion
complexes may sometimes exhibit nonfunctional con-
tacts in crystal structures. In fact, we could not reproduce
the corresponding interactions when using the cognate
pair of hMid domain and human H2A–H2B (Fig. 6B; Sup-
plemental Fig. S8A). We found that, instead of the Mid
domain, its adjacent acidic AID segment interacts with
H2A–H2B. The consistent result was also obtained from
the study using the cognate pair of yFACT and yeast
H2A–H2B (Kemble et al. 2015).

The structure of the hMid–AID/(H3–H4)2 complex indi-
cates that H2A and FACT are mutually exclusive on the
H2A-docking surface within nucleosomes, thus causing
H2A–H2B displacement from nucleosomes (Fig. 4). How-
ever, in the previously reported mechanisms for nucleo-
some reorganization by FACT, H2A–H2B displacement
is not obligatory (Xin et al. 2009; Winkler et al. 2011;
Hsieh et al. 2013; Zheng et al. 2014). This scientific dis-
agreement could be explained by the alternative interpre-
tation of the previous data. In addition to its role in
nucleosome disassembly, FACT is involved in nucleo-
some reassembly in cells (Formosa et al. 2002), suggesting
that FACT maintains a reversible equilibrium between
stable and partially dissociated nucleosomes in vivo;

namely, FACT displaces an H2A–H2B dimer from nucle-
osomes for a time through steric collisions on the H2A-
docking surface of (H3–H4)2, but the H2A–H2B dimer
may remain tethered to nucleosomes via FACT, presum-
ably through transient interaction retained between the
FACT AID segment and the H2B N-tail. This interpreta-
tion is supported by our result that AID simultaneously
interacts with the H3–H4 tetramer and H2A–H2B dimer
(Supplemental Fig. S8B). In addition, the recent report
has proposed a similar mechanism in which yFACT re-
tains nucleosomes in partially loosened structures by in-
teractions between acidic IDRs of FACT and H2A–H2B
(Kemble et al. 2015). Thus, H2A–H2B displacementwould
not necessarily be observed in nuclear processes, such as
transcription. After the relevant processes have conclud-
ed, FACT immediately executes nucleosome reassembly.
In agreement with this interpretation, we indeed showed
that the FACT–hexasome complex reacquires H2A–H2B
upon their further addition (Fig. 1F).

Meanwhile, our results from human cognate proteins
are different from those from yeast (Kemble et al. 2015)
in two aspects. First, the acidic C terminus of the yeast
SSRP1 homolog Pob3 exhibits domain architectures
distinct from those of metazoan, such as an HMG do-
main and mixed acidic and basic IDRs. Corresponding to
this difference, the C terminus of Pob3 interacts with
H2A–H2B (Kemble et al. 2015), while the previous study
of human SSRP1 failed to detect interactions with them
(Winkler et al. 2011). This result may be rationalized by
our previous study, in which the phosphorylated acidic
IDR of Drosophila SSRP1 makes strong intramolecular
contactswith its adjacent basic IDR and theHMGdomain
(Tsunaka et al. 2009; Hashimoto et al. 2013). Second, the
major interaction between yeast H2A–H2B and AID of
yeast SPT16 is specific: An aromatic residue on AID con-
tacts hydrophobic residues in a globular domain of H2B
(Tyr45 and Met62 in yeast), although electrostatic
interactions also contribute to their binding (Kemble
et al. 2015). On the other hand, we found that human
H2A–H2B lacking the entire H2B N-tail (residues 1–34
in humans) (Supplemental Fig. S4B) loses the ability to
bind to hMid–AID (Fig. 6B; Supplemental Fig. S8A), al-
though the recent report has not confirmed whether
AID interacts with H2A–H2B lacking the corresponding
H2B N-tail in yeast (resides 1–37 in yeast) (Supplemental
Fig. S4B; Kemble et al. 2015). Thus, the corresponding hy-
drophobic residues of human H2B (Tyr42 and Met59 in
humans) do not make significant contributions to AID
binding. Instead, electrostatic interactions between AID
and the H2B N-tail appear to be more important for the
binding between human proteins. This minor difference
may not underestimate the importance of the interaction
between FACT–AID and H2B.

Our complex structure may serve for understanding
how FACT causes further disruption of nucleosome and
histone replacements through cooperation with histone
chaperones, such as Asf1, HIRA, and MCM2 (Tan et al.
2006; Nakayama et al. 2007; Takahata et al. 2009; Folt-
man et al. 2013). For instance, hMid–AID and one
MCM2 histone-binding domain could simultaneously

Tsunaka et al.

682 GENES & DEVELOPMENT



bind to (H3–H4)2 without the steric hindrance in the su-
perimposed model (Supplemental Fig. S9; Huang et al.
2015; Richet et al. 2015). This structural model is consis-
tent with the previous reports, which suggest the func-
tional cooperation between FACT and MCM2 (Tan et al.
2006; Foltman et al. 2013). In addition, several conven-
tional H3–H4 chaperones disrupt the dimer interface of
H3–H4 (English et al. 2006; Natsume et al. 2007; Hu
et al. 2011; Elsässer et al. 2012; Liu et al. 2012), in contrast
to hFACT, which retains their original interface (Supple-
mental Fig. S2B). This highlights the mechanistic differ-
ence in nucleosome reorganization between FACT and
these chaperones while implying their functional comple-
mentarity. The hFACT–hexasome complex was also
found to be remarkably stable against nuclease digestions
(Fig. 5B,C). The maintenance of this complex may be con-
nected with epigenetic preservation of histones through-
out RNA polymerase II elongation (Hsieh et al. 2013).
In conclusion, the integrated mechanism reported here

promises to universally rationalize how FACT operates to
create a transient nucleosome structure, thus assisting the
passage of polymerases without entire nucleosome disas-
sembly so as to ensure chromatin integrity.

Materials and methods

Protein expression and purification

Recombinant human histone proteins were produced in Escheri-
chia coli and purified as reported previously (Tsunaka et al.
2005). Truncatedmutants of histone complexes contained the fol-
lowing residues: anH2A–H2BΔ26dimer (H2A full length andH2B
residues 27–125), an H2A–H2BΔ34 dimer (H2A full length and
H2B residues 35–125), and an H3Δ34–H4 tetramer (H3 residues
35–135 and H4 full length). All DNA segments are based on the
601 nucleosome positioning sequence (Lowary and Widom
1998).DNA fragments of 13, 23, 33, 43, 53, 67, and 78 bpwere syn-
thesized as two complementary oligomers and annealed. DNA
fragments of 92, 102, 112, 122, 132, and 145 bp were constructed
and purified as described previously (Han et al. 2014). A 145-bp
mononucleosome and DSB nucleosomes were reconstituted
from histones and DNAs by the salt dialysis method (Tsunaka
et al. 2005). The 33/112-bp DSB nucleosome was crystallized un-
der essentially the same conditions as those for the human nucle-
osome (Tsunaka et al. 2005). The X-ray diffraction study revealed
similar crystal data between theDSBand intact nucleosomes.The
preliminary electron density map at 4 Å resolution allowed us
to trace continuous DNA strands, indicating that the 33- and
112-bp DNA fragments are retained in the DSB nucleosome
(data not shown). The reconstituted nucleosomes were also sub-
jected to ExoIII and MNase digestion analyses.
Baculovirus-driven expression of the hFACT complex (coex-

pression of N-terminal His-tagged SPT16 and nontagged SSRP1)
and the mutants (N-terminal His-tagged hMid–AID and hMid)
in Sf9 insect cells was carried out as reported previously (Tsunaka
et al. 2009). The infected cells were collected by centrifugation
and suspended in lysis buffer containing 150 mM NaCl, 20 mM
Tris-HCl (pH 8.5), 0.1% Nonidet P-40, and a protease inhibitor
mixture (Nacalai-Tesque). The hFACT proteins were purified ac-
cording to previously published protocols (Tsunaka et al. 2009)
with a fewmodifications. The hFACT proteins were partially pu-
rified on a HisTrap column (GEHealthcare) and then subjected to
a Superdex200 GF column (GE Healthcare). Fractions containing
hFACT proteins were further purified on a HiTrap Q anion ex-

change column (GE Healthcare). For the purification of the AID
protein, we expressed the hMid–AID protein with a TEV protease
cleavage site between residues 930 and 931 in Sf9 cells and then
treated it with TEV protease for 16 h at 4°C. AID separated from
hMid was finally purified on a Superdex200 GF column.
For crystallization, theHis tags of hMid and hMid–AIDwere re-

moved by TEV digestion during purification. The purified hMid–
AID was mixed with an equimolar amount of the H3Δ34–H4 tet-
ramer. After an incubation for 5 min at 20°C, the hMid–AID/
(H3–H4)2 complex was purified on a Superdex200 column
in the purification buffer (750 mM NaCl, 20 mM Tris-HCl at
pH 7.5, 1 mM DTT).

Crystallization and data collection

For hMid alone, monoclinic crystals belonging to space group C2
(Supplemental Table S1) were grown at 4°C from hanging drops
composed of 1.2 µL of protein solution (3.5 mg mL−1 protein in
150mMNaCl, 20mMTris-HCl at pH 8.5, 1mMDTT, 10% glyc-
erol) and 1.5 µL of reservoir solution (5% PEG1000, 100 mM cit-
rate at pH 4.4) suspended over 1mL of the reservoir. Crystals were
cryoprotected in the reservoir supplemented with 30% glycerol
and flash-frozen in liquid nitrogen. For the hMid–AID/(H3–H4)2
complex, orthorhombic crystals belonging to space group
P21221 (Supplemental Table S1) were grown at 4°C from hanging
drops composed of 2 µL of protein solution (4.5 mg mL−1 protein
in 750 mM NaCl, 20 mM Tris-HCl at pH 7.6, 1 mM DTT, 10%
glycerol) and 1 µL of reservoir solution (10% PEG400, 0.9–1.1
M imidazole at pH 7.0, 100–150 mM L-histidine) suspended
over 1 mL of the reservoir. Crystals were transferred into a cryo-
protection buffer (30% PEG400, 0.925 M imidazole at pH 7.0,
and 58.5 mM L-histidine) and flash-frozen in liquid nitrogen.
All X-ray diffraction data were collected at the synchrotron radi-
ation source at BL44XU (SPring-8) at 100 K using a nitrogen
stream. Data processing and scaling were performed with
HKL2000 (Otwinowski and Minor 1997).

Structure determination and refinement

The structures of hMid alone and the hMid–AID complex with
(H3–H4)2 were determined by molecular replacement using
PHASER. The hMid alone structure was solved using the yeast
Mid structure (Kemble et al. 2013) as a probe, and the complex
structure was solved using the hMid structure determined here
and the histone (H3–H4)2 structure from the human nucleosome
core particle (Tsunaka et al. 2005). Refinement of the structures
was performed by iterative cycles of model adjustment in
COOT (Emsley and Cowtan 2004) and refinement in PHENIX
(Adams et al. 2010). The structures were drawn using PyMOL
(http://www.pymol.org) and University of California at San Fran-
cisco Chimera (Pettersen et al. 2004). Electrostatic surface poten-
tials were calculated using APBS (Baker et al. 2001). Structural
superposition was calculated with the SSM superpose of COOT.

EMSAs

Nucleosomes (1.5 pmol) and various hFACT constructs (hFACT
full, 3.6 pmol; others, 10 pmol) were mixed in a reaction buffer
containing 400mMNaCl, 20mMTris-HCl (pH 8.5), 10% glycer-
ol, and 1mMDTT and incubated for 15 min at 30°C. In the assay
of Figure 1F, 5 pmol of the H2A–H2B dimer was additionally
mixed in the above reaction mixture. The samples were electro-
phoresed at 4°C on a 7.5% native PAGE in 1× Tris-glycine buffer
and then visualized by SYBR Gold nucleic acid gel stain. Each
band was quantified using Image Lab software (Bio-Rad). n = 3
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was found to be sufficient for reproducible datawith low standard
deviations (Figs. 1E, 5A; Supplemental Fig. S1C).

GF

Histones and various hFACT constructsweremixed at equimolar
ratios (1.5 nmol) and incubated for 5 min at 20°C. Proteins were
separated on a Superdex200 10/300 GL column in buffer contain-
ing 20 mM Tris-HCl (pH 7.5), 1 mM DTT, and either 500 mM
NaCl (for histone octamer and H2A–H2B) or 750 mM NaCl [for
(H3–H4)2]. The eluted fractions were analyzed by 15% SDS-
PAGE and stained with Coomassie brilliant blue. Each band
was quantified by Image Lab.

ITC

Binding affinities were determined at 25°C by using an iTC200
calorimeter (GE Life Science, MicroCal). Proteins were dialyzed
against ITC buffer {25 mM Tris-HCl at pH 7.5, containing either
200 mM NaCl [for H2A–H2B] or 750 mM NaCl [for (H3–H4)2]}
prior to measurements. Injections consisted of 1 µL of 250–600
µM hMid–AID into 20–35 µM histones at 5-min intervals at
25°C. The heat of dilution was obtained by injecting the hMid–
AID solution into ITC buffer and was subtracted from the heat
of the binding reaction before the fitting process. Data were ana-
lyzed using Origin software (version 7.0). A single binding site
model for (H3–H4)2 gave the best fit to the data. n = 3 was found
to be sufficient for reproducible datawith low standard deviations
(Fig. 3B).

Nuclease susceptibility assays

The nuclease susceptibility assays were performed as described
previously (Arimura et al. 2012). The reaction mixtures of
33/112-bpDSB nucleosomes (1.5 pmol) with various hFACT con-
structs (hFACT full, 3.6 pmol; others, 10 pmol) were incubated for
15minat30°Cin10µLof150mMNaCl,20mMTris-HCl (pH8.5),
10% glycerol, and 1 mM DTT. The reaction mixtures were then
treated with 1 or 2 U of E. coli ExoIII (Takara) in 20 µL of 75 mM
NaCl, 50 mM Tris-HCl (pH 8.0), 5 mM MgCl2, 5% glycerol, and
1 mM DTT. The reaction was continued for 5 min at 30°C and
was stopped by the addition of 55 µL of proteinase K solution (20
mMTris-HCl at pH 8.0, 80 mM EDTA, 0.25% SDS, 0.5 mgmL−1

proteinase K [Roche]). After a 20-min treatment at 30°C, the
DNA samples were extracted and then analyzed by 10% urea-
PAGE containing 7 M urea in 0.5× TBE buffer. The reaction mix-
tures were also treated with 0.2 or 0.5 U of MNase (Takara) in 20
µL of 77.5 mMNaCl, 20 mMTris-HCl (pH 8.0), 5% glycerol, and
2.5 mM CaCl2. After a 5-min incubation at 30°C, the reaction
was stoppedby theadditionof15µLofproteinaseKsolution.After
a 30-min incubation at 30°C, the DNA samples were analyzed by
15%PAGE in 1×TBE.The sampleswere stainedwith SYBRGold.

Accession numbers

Atomic coordinates and structure factors for the reported crystal
structures have been deposited in the PDB under accession codes
4Z2N (hMid domain) and 4Z2M [hMid–AID/(H3–H4)2 complex].
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