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SUMMARY

The FACT (facilitates chromatin transcription) complex, comprising SPT16 and
SSRP1, conducts structural alterations during nucleosome unwrapping. Our pre-
vious cryoelectron microscopic (cryo-EM) analysis revealed the first intermediate
structure of an unwrapped nucleosome with human FACT, in which 112-bp DNA
and the phosphorylated intrinsically disordered (pAID) segment of SPT16 jointly
wrapped around the histone core instead of 145-bp DNA. Using NMR, here we
clarified that the histone H3 N-terminal tails, unobserved in the cryo-EM struc-
ture, adopt two different conformations reflecting their asymmetric locations
at entry/exit sites: one corresponds to the original nucleosome site buried in
two DNA gyres (DNA side), whereas the other, comprising pAID and DNA, is
more exposed to the solvent (pAID side). NMR real-time monitoring showed
that H3 acetylation is faster on the pAID side than on the DNA side. Our findings
highlight that accessible conformations of H3 tails are created by the replace-
ment of nucleosomal DNA with pAID.

INTRODUCTION

In eukaryotic cells, the functional structures of chromatin are orchestrated in a hierarchical manner. The dy-

namic conversion of these hierarchical structures is involved in regulating DNA accessibility to protein com-

plexes or RNA molecules and thus directs the dynamic modulation of gene expression in nuclear events:

DNA replication, repair, transcription, and so on (Brahma and Henikoff, 2020; Klemm et al., 2019; Lai

and Pugh, 2017; Stewart-Morgan et al., 2020). The fundamental repeating unit of chromatin is nucleosome,

in which 145–147 bp of DNA wraps around an octamer containing two copies each of histones H2A, H2B,

H3, and H4 (Luger et al., 1997). The N-terminal tails (N-tails) of all histones and the C terminus of H2A stick

out from the nucleosome core particle. All the histone tails extensively undergo post-translational modifi-

cations (PTMs), which are essential for epigenetic cell memory (Stewart-Morgan et al., 2020; Suganuma and

Workman, 2011; Zentner and Henikoff, 2013). The modified tails interact with other proteins through func-

tional domains, such as bromodomains, chromodomains, and plant homeodomain (PHD) fingers, to recruit

multiple protein complexes to nucleosome (Andrews et al., 2016; Musselman et al., 2012). The histone tails

can also interact with DNA to alter nucleosomal stability (Iwasaki et al., 2013), the rate of DNA unwrapping

(Andresen et al., 2013), and protein accessibility to nucleosome (Morrison et al., 2018). Owing to their

conformational flexibility, however, the histone tails are mostly invisible in crystal and electron microscopic

(EM) structures of nucleosome complexes (Farnung et al., 2017; He et al., 2020; Kato et al., 2017; Kujirai

et al., 2018; Liu et al., 2020; Luger et al., 1997; Mayanagi et al., 2019; Tachiwana et al., 2011; Tsunaka

et al., 2005; Vasudevan et al., 2010). On the other hand, nuclear magnetic resonance (NMR) spectroscopy

has revealed that histone tails have a high degree of structural flexibility and higher solvent accessibility

relative to the globular domain (Morrison et al., 2018; Stützer et al., 2016; Zhou et al., 2012).

An essential histone chaperone, FACT (facilitates chromatin transcription), accomplishes both assembly and

disassembly of nucleosomes during transcriptional elongation (Belotserkovskaya et al., 2003; Ramachandran

et al., 2017) and at the boundary between heterochromatin and euchromatin (Nakayama et al., 2007, 2012). Dur-

ing the initial step of disassembly, FACT interacts with the exposed DNA-binding surface of histones within

nucleosome unwrapped by other factors (McCullough et al., 2018; Ramachandran et al., 2017; Safina et al.,

2017; Tsunaka et al., 2016; Valieva et al., 2017). In particular, wepreviously showed that the extensively phosphor-

ylated C-terminal acidic intrinsically disordered (pAID) segment of SPT16 within human FACT (hFACT),
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comprising the SPT16 and SSRP1 subunits (Figure 1A), initially binds to the H2B N-tail that is detached from

nucleosomal DNA by a double-strand break (Tsunaka et al., 2016), and the pAID-deleted mutant of hFACT

shows a significantly reduced interaction with the unwrapped nucleosome (Mayanagi et al., 2019). Thus,

pAID within hFACT is thought to bind to the unwrapped nucleosome in the initial step of disassembly. In addi-

tion, our previous study clarified for the first time such transient intermediate structures in nucleosome unwrap-

ping mediated by hFACT (Figure 1B) (Mayanagi et al., 2019). The 112-bp nucleosome, which is wrapped by a

shorter DNA rather than the canonical nucleosome DNA (145–147 bp), was used as a model for the transient

intermediate. The resulting cryo-EM structure revealed that the pAID segment of SPT16 (Figure 1A) asymmet-

rically wraps around the exposed DNA-binding surface of H3, H2A, and H2B in the 112-bp nucleosome (Fig-

ure 1B). Thus, hFACT can completely retain the nucleosome core structure by partially replacing approximately

33–43 bp of nucleosomal DNA of the conventional nucleosome with pAID. In the cryo-EM structure, however,

the histone tails were not visualized (Figure 1B) (Mayanagi et al., 2019), similar to the structures of most nucle-

osomal complexes (Armache et al., 2019; Ehara et al., 2019; Farnung et al., 2017; He et al., 2020; Kato et al., 2017;

Kujirai et al., 2018; Liu et al., 2020; Luger et al., 1997; Tachiwana et al., 2011; Tsunaka et al., 2005; Vasudevan et al.,

2010). Therefore, the dynamic structures of histone tails remain elusive in the unwrapped nucleosome structure,

which is putatively formed before chromatin remodeling.

Here, we have used NMR spectroscopy to examine the dynamic structures of histone tails in the 112-bp

nucleosome complexed with pAID of human SPT16 (112-bp DNA/pAID nucleosome), in particular focusing

on the two H3 N-tails that are symmetrically located at the entry/exit sites of nucleosomal DNA in the con-

ventional nucleosome, but in asymmetric environments in the cryo-EM structure (Figure 1B). Among the

histone tails, the H3 N-tails are relatively distinct because they comprise a most extensively disordered

Figure 1. Structural Location of the Two H3 N-Tails in the 112-bp DNA/pAID Nucleosome

(A) Domain organization of human FACT. Full-length FACT and pAID (red) proteins were used in this study.

(B) Cryo-EM structure of the 112-bp DNA/pAID nucleosome. Three views of the EM density map (EMD-9639) are

superimposed on the nucleosome structure (PDB: 2CV5) lacking the 33-bp DNA. Visualization of the EM maps and fitting

of nucleosome structures into the maps were performed using UCSF Chimera (Pettersen et al., 2004). pAID is shown in a

deep pink density. H2A, H2B, H3, H4, and DNA are colored yellow, red, blue, green, and orchid, respectively. Blue circular

chains denote the H3 N-tails, which were unobserved in the EM structure. The sequence of the H3 N-tail is shown above.

Superhelix locations (SHL), which represent the number of double turns from the dyad axis of the canonical nucleosome

(0), are indicated.
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region and undergo more than 30 post-translational modification (PMTs) related to interactions with

several effector domains (Bannister and Kouzarides, 2011; Chi et al., 2010). Intriguingly, most residues of

the H3 N-tails in the 112-bp DNA/pAID nucleosome showed two separate NMR signals, corresponding

to the asymmetric locations of the two H3 N-tails: one lies in an environment similar to that of the conven-

tional H3 N-tail location (Figure 1B, DNA side view), whereas the other, sandwiched between pAID and

DNA, is more exposed to solvent (Figure 1B, pAID side view). Our enzymatic analyses using Gcn5 showed

that the pAID side tail is acetylated much faster relative to the DNA side tail or the N-tails in the canonical

nucleosome. Taken together, these findings imply that such changes in the dynamic behavior of the histone

tails may play key roles in switching between heterochromatin and euchromatin.

RESULTS

Distinct Chemical Environments around the Two H3 N-Tails in the 112-bp DNA/pAID

Nucleosome

To investigate the behavior of histone H3 N-tails in the unwrapped nucleosome, we reconstituted the 112-

bp DNA/pAID nucleosome with 2H/15N or 2H/15N/13C -labeled human H3 and unlabeled human H2A, H2B,

H4, 112-bp 601 DNA, and the pAID protein comprising the SPT16 residues Glu926–Glu964 of hFACT (Fig-

ures 1A and 1B). In previous 2D 1H-15N hetero-nuclear single quantum coherence (HSQC) spectra of nucle-

osomes in solution, NMR signals from residues within the structural core are unobservable, whereas those

of the flexible histone tails are clearly observed (Morrison et al., 2018; Stützer et al., 2016; Zhou et al., 2012).

Consistent with those studies, the signal assignments of the 112-bp DNA/pAID nucleosome confirmed

that, except for Pro16 and Pro30, the observed peaks derived from residues Arg2–Lys37 in the histone

H3 N-tails (Figure 2A). Notably, we observed two separate signals for Arg2–Lys9, Gly12, Lys14, Ala15,

Arg17–Ala29, and Ala31–Lys36 (Figure 2A), reflecting asymmetric environments around the two H3 N-tails

in the complex (Figure 1B). Under the same conditions, the NMR spectrum of the 145-bp nucleosome

including 2H/15N-labeled H3 showed one signal for the residues in the H3 N-tails, except for Arg2, Gln5,

Gln19, and Thr32–Val35, which all showed a major signal together with a minor signal (Figure 2B). This in-

dicates that environments around the two H3 N-tails in the canonical nucleosome are almost symmetric, in

agreement with previous studies (Morrison et al., 2018; Stützer et al., 2016; Zhou et al., 2012). More impor-

tantly, the signals in the 145-bp nucleosome corresponded approximately to one of the two separate sig-

nals in the 112-bp DNA/pAID nucleosome (Figure 2B), indicating that one of the H3 N-tails in the 112-bp

DNA/pAID nucleosome apparently adopt a conformation similar to those in the 145-bp nucleosome.

Our previous study showed that the addition of extra DNA dissociated pAID from the 112-bp DNA/pAID

nucleosome, with the subsequent replacement of pAID by the extra DNA (Mayanagi et al., 2019). To deter-

mine whether the addition of extra DNA would affect the two separate signals of the H3 N-tails in 112-bp

DNA/pAID nucleosome, we titrated 33-bp DNA into the H3-labeled nucleosome. One of two signals

almost disappeared or was impaired upon the addition of DNA up to a two-fold excess over the 112-bp

DNA/pAID nucleosome (Figure S1A), whereas the remaining signals were roughly equivalent to those in

the 145-bp nucleosome (Figure S1B). These results indicate that the asymmetric environments of the

two H3 N-tails converge into a symmetric environment similar to that in the canonical nucleosome on

the addition of extra DNA. Thus, in the NMR spectrum of the 112-bp DNA/pAID nucleosome, the signals

corresponding to the canonical nucleosome are ascribed to the H3 N-tail on the DNA side, and the other

signals are assigned to the H3 N-tail on the pAID side (Figures 1B, 2B, 3A, and 3B).

To further probe the environment around the H3 N-tail on the pAID side in the 112-bp DNA/pAID nucleosome,

wemeasured the chemical shift perturbations upon titration of NaCl into the 145-bp nucleosome, which should

induce dissociation of the H3 N-tails from DNA. As expected, the signals for Thr3–Arg8, Gly12, Lys14, Ala15,

Arg17–Gln19, Ala21, Lys23–Ala29, Thr32–Gly34, and Lys36 were shifted onNaCl titration (Figure S2A). In partic-

ular, the signals observed at 200 mMNaCl were almost equivalent to the pAID side signals in the 112-bp DNA/

pAIDnucleosome (Figures3A,3B, andS2B). This indicates that thepAIDsideH3N-tail is relativelyexposed to the

solvent, similar to the H3 N-tails in the canonical nucleosome at 200 mM NaCl; such a high salt concentration

should weaken the electrostatic interaction between DNA and H3 N-tails.

Significant chemical shift changes between the pAID and DNA side N-tails were observed in two basic seg-

ments: basic 1 (B1), consisting of Lys4–Lys9, and basic 2 (B2), comprising Arg17–Ser28 (Figure 4A). These

basic segments are connected thorough a linker 1 (L1), composed of Ser10–Ala15, and the B2 segment

is connected to the nucleosome core by another linker (L2), comprising Ala31–Lys36; both L1 and L2
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showed smaller chemical shift changes (Figure 4A). Overall, the chemical shift changes of the H3 N-tail in

the 112-bp DNA/pAID nucleosome showed a similar pattern to those in the 145-bp nucleosome between

0 and 200 mM NaCl conditions (Figure 4B). They were also similar to chemical shift changes previously

observed between free H3 peptide comprising the H3 N-terminal residues and H3 N-tails in either the

147-bp nucleosome (Morrison et al., 2018) or the 187-bp nucleosome containing linker DNA (Stützer

et al., 2016). Notably, the B1 and B2 segments in the H3 N-tails equally showed larger chemical shift

changes for interaction with nucleosomal DNA in different nucleosomes, independent of the DNA length

and buffer conditions (Figures 4A and 4B) (Morrison et al., 2018; Stützer et al., 2016).

The 15N{1H} heteronuclear nuclear Overhauser effect (NOE) measurements for the 112-bp DNA/pAID

nucleosome revealed no secondary structure in the H3 N-tails on either the DNA or the pAID side, similar

Figure 2. Two Separate NMR Signals from H3 N-Tails in the 112-bp DNA/pAID Nucleosome

(A) Backbone resonance assignments of the 112-bp DNA/pAID nucleosome in the 2D 1H-15N HSQC spectrum. Cartoon

model of the nucleosomal complex is shown below. The histone proteins and DNA are colored as follows: H2B (red), H2A

(yellow), H3 (blue), H4 (green), and DNA (light sea green). The H3 N-tails are indicated by dotted strings. pAID is colored

magenta. Red open circles labeled with P indicate phosphorylation.

(B) Spectral comparison of 2D 1H-15N HSQC spectra between the 145-bp nucleosome (red) and the 112-bp DNA/pAID

nucleosome (blue). Signal assignments in the 145-bp nucleosome are labeled. Cartoon model of the nucleosomal

complex is below.

See also Figure S1.
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to measurements for the 145-bp nucleosome (Figures 4C and 4D). The NOE values of the pAID side sig-

nals for Lys4–Thr6, Arg8, Lys9, Ala15, Arg17, Ala21–Ala29, and Lys36 all showed a small decrease, relative

to the values of the corresponding residues on the DNA side (Figure 4C). Overall, the DNA side signals

for Lys4–Thr6, Arg8, Ala15, Arg17–Gln19, Ala21–Ala24, Arg26–Ala29, Ala31, Thr32, Gly34, and Val35

showed NOE values similar to those of the corresponding residues in the 145-bp nucleosome (Figures

4C and 4D). These results suggest that, when compared with the pAID side H3 N-tail, the H3 N-tails

on the DNA side and in the canonical nucleosome are more restricted in terms of their mobility. For

Thr3 and Val35, the NOE values of the pAID side signals were higher than those of the DNA side signals

(Figure 4C). The pAID side signals for Thr3 and Val35 also differed in chemical shift from the correspond-

ing signals in the 145-bp nucleosome at 200 mM NaCl (Figures 3A and S2C). Thr3 and Val35 on the pAID

side seem to reflect a binding state with an unknown moiety, such as the histone surface exposed by the

replacement of DNA with pAID.

Even in the 145-bp nucleosome, we observed two different NMR signals for Arg2, Gln5, Gln19, and Thr32–

Val35 (Figure 2B), suggesting that these residues adopt two different conformations for the same H3 N-tail.

For residues Gln5, Gln19, and Val35, the chemical shift difference between the two signals was very small

when compared with that for the corresponding residues in the 112-bp DNA/pAID nucleosome (Figures 2B

and S2C), suggesting that these residues adopt two similar DNA-contact conformations in the 145-bp

nucleosome. Comparison of the signal intensities and chemical shifts between the two signals for residues

Thr32–Gly34 suggested that these two signals correspond to a major DNA contact and a minor exposed

conformation for the same H3 N-tail (Figure 2B). In the 112-bp DNA/pAID nucleosome (Figure 2A), by

contrast, the two signals for residues Thr32–Gly34 showed similar strong intensities, suggesting that

both conformations are major and likely to correspond to the H3 N-tails of the respective DNA and

pAID sides. Exceptionally, Arg2 may adopt two different conformations for the same tail regardless of

the DNA and pAID sides even in the 112-bp DNA/pAID nucleosome, because it exhibited two separate

and equivalent signals similar to those observed after the addition of 33-bp DNA, as well as those in the

145-bp nucleosome (Figures 2B, S1B, and S2D). It is likely that the two conformations of Arg2 may be

due to the fluctuating N terminus.

Figure 3. The Two H3 Tails Adopt Distinct Conformations in the 112-bp DNA/pAID Nucleosome

Two expanded regions of the spectrum of Figure 1B are separately shown (A and B). Spectral comparison of 2D 1H-15N

HSQC spectra between the 145-bp nucleosome at 200 mM NaCl (yellow) and the 112-bp DNA/pAID nucleosome (blue).

As described in the text, the two separate signals from each H3 N-tail residue in the 112-bp DNA/pAID nucleosome are

assigned to H3 N-tails on the pAID side (labeled by subscript p) and the DNA side (labeled by subscript D).

See also Figure S2.
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The 112-bp DNA/FACT Nucleosome Is Highly Susceptible to H3 Acetylation

In the 112-bp DNA/pAID nucleosome, the more exposed H3 N-tail on the pAID side is expected to show

greater accessibility to histone modification enzymes. Therefore, to compare the reaction of the 112-bp

Figure 4. Chemical Shift Differences and Heteronuclear NOE Values of the H3 N-Tails in the Nucleosomal

Complexes

(A and B) Histograms showing H3 N-tail chemical shift differences between the pAID and DNA sides in the 112-bp DNA/

pAID nucleosome (A) and between 0 and 200 mM NaCl conditions for the 145-bp nucleosome (B). Chemical shift

differences are plotted against the residue number of the H3 N-tails. Asterisks (*) indicate residues that were either not

observed or not assigned. The dagger (y) indicates Arg2, for which the chemical shift difference was calculated for two

separate signals that were not correctly assigned to either the pAID or DNA side H3 N-tails.

(C and D) Profiles of the 15N{1H} heteronuclear NOE values of H3 N-tails in the 112-bp DNA/pAID nucleosome (C) and the

145-bp nucleosome (D). NOE values are plotted against the residue numbers of the H3 N-tails. Asterisks (*) indicate

residues that were either not observed or not assigned. The pAID and DNA side signals in the 112-bp DNA/pAID

nucleosome are shown in blue and red, respectively. The dagger (y) indicates Arg2, for which the value of the right signal

(R2 in Figure S2D) is nominally shown in red and the value of the left signal (R2* in Figure S2D) is shown in blue (112-bp

DNA/pAID nucleosome) or gray (145-bp nucleosome). The double dagger (z) indicates Arg7, for which the signals on the

DNA side and in the 145-bp nucleosome were not correctly calculated owing to severe overlap with Lys36 signals, as

shown in Figures 2A and 2B. Error bars were calculated on the basis of the signal to noise ratio.

ll
OPEN ACCESS

6 iScience 23, 101641, October 23, 2020

iScience
Article



DNA/pAID and 145-bp nucleosomes incorporating 2H/15N-labeled H3 with the catalytic domain of the hu-

man histone acetyltransferase (HAT) Gcn5, we recorded the 1H-15N HSQC spectra every hour at 293 K (Fig-

ures 5A–5D and S3A). Gcn5 is known to acetylate Lys14, the main target site on H3 (Figure 1B). After 12 h,

the pAID side signal for Lys14 was almost completely converted to the acetylated signal (Figure 5A). By

contrast, the signal intensity on the DNA side was more slowly reduced when compared with the pAID

Figure 5. Comparison of H3 K14 Acetylation between the Canonical Nucleosome and Nucleosomal Complexes

with hFACT Proteins

(A–C) Expanded view of the 1H-15N NMR spectrum at Lys14 of the H3 N-tail in the 112-bp DNA/pAID nucleosome (A), the

145-bp nucleosome (B), and the 145-bp nucleosome at 200 mM NaCl (C) during acetylation by Gcn5.

(D) Time-resolved NMR profiling of consecutive enzymatic reactions. Red, blue, black, and yellow plots show the raw

values of the signal intensity ratio at Lys14 on the DNA and pAID sides in the 112-bp DNA/pAID nucleosome and in the

145-bp nucleosome at 0 and 200 mM NaCl, respectively. Values were calculated by setting the signal intensity before the

reaction or after 1 h (200 mM NaCl) as 1. The decay curves were fitted with first-order equations using Gnuplot.

(E) Fluorescence HAT assays of the indicated nucleosomal complexes with hFACT proteins. HAT activity was quantified by

the fluorescence intensity measured after the reaction. Averages from at least three independent experiments are shown;

error bars represent SD. Addition of hFACT causes unexpected background, probably because Gcn5may partly acetylate

lysine residues within hFACT.

See also Figure S3.
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Figure 6. Conformational Comparison between the pAID- or DNA-Bound H3 Peptide and the Two H3 N-Tails in

the 112-bp DNA/pAID Nucleosome

Two spectral regions are separately shown (A and B). Spectral comparison of 2D 1H-15N HSQC spectra between the H3

peptide upon the 10-fold addition of DNA (red) or pAID (cyan) and the 112-bp DNA/pAID nucleosome (black). Arrows

connect the pAID side signal to the DNA side signal in the 112-bp DNA/pAID nucleosome. The double dagger (z)
indicates Lys36, which was followed by an additional tryptophan residue in the H3 peptide (differing from Lys37 in the

native sequence of H3), and for which the chemical shift values could not be correctly compared with those in the 112-bp

DNA/pAID nucleosome.

(C) Expanded regions of the superposition are shown for the comparison of selected residues.

(D) Chemical shift differences (Dd) between the pAID side H3 N-tail and the DNA side H3 N-tail (black) or the H3 peptide

upon 10-fold DNA (red) or pAID (cyan) addition. Chemical shift differences are plotted against residue numbers of H3
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side signal (Figure 5D). It took approximately 64 h for the DNA side signal for Lys14 to convert to the acet-

ylated signal (Figure 5A). Unexpectedly, the Lys14 signal in the 145-bp nucleosome was converted only to a

degree of 0.3–0.4 in signal intensity ratio after 64 h (Figures 5B and 5D), although the chemical shift values of

Lys14 residues in the 145-bp and 112-bp DNA/pAID nucleosomes were very similar to each other (Figures

2B, 5A, and 5B). In addition, we examined acetylation of the 145-bp nucleosome under conditions of

200 mM NaCl. Because high ionic strength is reported to reduce the catalytic activity of Gcn5 (Tanner

et al., 2000), using the H3 peptide as a substrate, we confirmed that Lys14 acetylation was slower at

200 mM than at 0 mM NaCl (Figure S3B). Nevertheless, acetylation of the 145-bp nucleosome was much

faster at 200 mM NaCl (Figures 5B–5D). After 11 h, the Lys14 signal was completely converted to the acet-

ylated signal at 200 mMNaCl (Figure 5C). The acetylation rate at 200 mMNaCl roughly corresponds to that

of the pAID side in the 112-bp DNA/pAID nucleosome at 0mMNaCl (Figure 5D). These results suggest that

Lys14 in the H3 N-tail on the pAID side is more exposed and accessible to Gcn5, whereas this residue both

on the DNA side and in the 145-bp nucleosome is much less accessible to enzyme.

We also performed a fluorescent HAT assay of the different nucleosomal complexes (Figures S3C and S3D)

under conditions similar to those of the NMR assay using Gcn5 (Figure 5E). The hFACT proteins formed

complexes with the 112-bp nucleosome, but barely interacted with the intact 145-bp nucleosome (Figures

S3C and S3D), consistent with previous results (Mayanagi et al., 2019; McCullough et al., 2018; Safina et al.,

2017; Tsunaka et al., 2016; Valieva et al., 2017). The 112-bp DNA/pAID nucleosome was more highly acet-

ylated when compared with the 145-bp nucleosome alone and its mixture with pAID. These findings were in

good agreement with the NMR data (Figure 5D). The 112-bp nucleosome complexed with full-length

hFACT was also more efficiently acetylated relative to the 145-bp nucleosomal mixture with hFACT and

hFACT alone (Figure 5E), indicating that the exposed H3 tail that is accessible to Gcn5 is also induced

by full-length hFACT, similar to pAID alone.

Environmental Differences between DNA- or pAID-Bound H3 Peptide and H3 N-Tails in the

112-bp DNA/pAID Nucleosome

To further clarify the distinct chemical environments around the two H3 N-tails in the 112-bp DNA/pAID

nucleosome, we measured the 1H-15N HSQC spectrum of an isolated 15N-peptide comprising H3 N-tail

residues Ala1–Lys36 plus an additional Trp37 residue to allow quantitative estimation. NMR signals were

hardly observed for the free peptide under the same conditions used for the nucleosomes (20 mM

HEPES-NaOH, pH 7.0, 293K) (Figure S4A), presumably because of fast exchange between the amide pro-

tons and solvent. Some signals appeared upon the addition of 20 mM Na/K phosphate buffer, pH 7.0,

because the exchange rates are likely to be slower in a phosphate environment, which may mimic the

DNA phosphate backbone (Figure S4B). Likewise, signals from each residue of the H3 peptide appeared

after the addition of a 0.25-fold amount of 33-bp 601 DNA or pAID protein (Figures S5A and S5B), owing to

the slower exchange rate caused by dynamic interactions with DNA or pAID. After a 10-fold addition of

DNA or pAID, further changes in chemical shift and signal intensity were not clearly observed (Figure S6A

and S6B), suggesting that a small addition of DNA or pAID is sufficient for dynamic interaction with the H3

peptide.

The conformations of the H3 peptide bound to either DNA or pAID, and the two H3 tails within the 112-bp

DNA/pAID nucleosome were compared by superposition of the corresponding 1H-15N HSQC spectra (Fig-

ures 6A, 6B, S6C, and S6D). Signals for Lys4, Thr6–Lys9, Gly12, Lys14, Arg17, Gln19–Ala21, Lys23–Ala29, and

Thr32–Gly34 of the DNA- or pAID-bound H3 peptide were observed along a near-linear trajectory between

the pAID and DNA side signals in the 112-bp DNA/pAID nucleosome (Figures 6A–6C). The chemical shift

changes between the DNA- or pAID-bound H3 peptide and the pAID side H3 N-tail were significantly

smaller than the changes between the DNA and pAID side H3 N-tails (Figure 6D). These results suggest

that the pAID side H3 tail dynamically interacts with DNA or pAID in the same manner as the respective

DNA- or pAID-bound H3 peptide, whereas the DNA side H3 tail more closely interacts with DNA when

Figure 6. Continued

N-tails. Asterisks (*) indicate residues that were either not observed or not assigned. The dagger (y) indicates Arg2, for
which the chemical shift differences were calculated by using the nominal definition of the right and left signals in

Figure S2D as the DNA and the pAID sides, respectively. The double dagger (z) indicates Lys36, which was followed by

an additional tryptophan residue in the H3 peptide (differing from Lys37 in the native sequence of H3), and for which

the chemical shift values could not be correctly compared with those in the 112-bp DNA/pAID nucleosome.

See also Figures S4–S6.
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compared with the DNA-bound H3 peptide. As shown in Figures 7A and S7, the DNA side H3 N-tail might

be dynamically but restrictedly localized to a minor space between two DNA gyres. This localization prob-

ably inhibits the accessibility of Gcn5 to Lys14 on the DNA side.

Local Conformations of H3 N-Tails in the 145-bp Nucleosome

The location of the DNA side H3 N-tail in the 112-bp DNA/pAID nucleosome structurally corresponds

to the location of the H3 N-tail in the canonical nucleosome (Figures 7A and 7B). The similarity in

chemical shift and NOE values of the DNA side and 145-bp nucleosome H3 N-tails (Figures 2B, 4C,

and 4D) also indicated that the H3 N-tails in the 145-bp nucleosome are likely to localize dynamically

into two DNA gyres. The pattern of chemical shift changes of H3 N-tails in the 145-bp nucleosome

upon NaCl titration (Figure 4B) indicated that electrostatic interactions between the H3 N-tails and

two DNA gyres extensively affect the dynamic motion of the whole H3 N-tails. The B2 segment within

the H3 N-tails showed relatively high NOE values (Figure 4D) and large chemical shift changes upon

NaCl titration (Figure 4B). The B1 segment also showed high NOE values and chemical shift changes

(Figures 4B and 4D), suggesting that both B1 and B2 are responsible for interaction with the two DNA

gyres (Figure 7B).

The L1 linker connecting B1 and B2 showed smaller chemical shift changes upon NaCl titration when

compared with average values (Figure 4B) and relatively high NOE values (Figure 4D), suggesting that it

may not directly interact with DNA, but is indirectly confined to two DNA gyres (Figure 7B). In the crystal

structures of TetrahymenaGcn5 bound to an H3 peptide, the Gcn5 HAT domain mainly recognizes L1 con-

taining Lys14 and Pro16–Gln19 of B2 (Clements et al., 2003; Rojas et al., 1999). L1 and part of B2, confined to

two DNA gyres, are more likely to inhibit the acetylation of Lys14 by Gcn5 (Figure 7B). In particular, Ser10–

Lys14 of L1 in the 145-bp nucleosome showed higher NOE values when compared with the corresponding

residues on the DNA side (Figures 4C and 4D). This indicates that L1 in the 145-bp nucleosome is restricted

more tightly to the two DNA gyres when compared with L1 on the DNA side in the 112-bp DNA/pAID

nucleosome; thus, the accessibility of Gcn5 to Lys14 is even further inhibited in 145-bp nucleosome. In

fact, the H3 acetylation rate was much slower in the 145-bp nucleosome than on the DNA side in the

112-bp DNA/pAID nucleosome (Figures 5A, 5B, and 5D). In contrast, L2 showed much lower NOE values

Figure 7. Summary of the Dynamic Conformations of the Nucleosomal H3 N-Tails

(A) Dynamic structures of two H3 N-tails in the 112-bp DNA/pAID nucleosome. Two views of the EM density map (EMD-

9639) on the nucleosome structure (PDB: 2CV5), colored as in Figure 1B, are shown. Blue circular chains denote the H3 N-

tails. Dotted arrows represent the dynamic behavior of the H3 N-tails. The dashed ellipsoid, shaded in red, represents the

space between two DNA gyres within the canonical nucleosome or on the DNA side in the 112-bp DNA/pAID

nucleosome.

(B) DNA-binding model of H3 N-tails in the canonical nucleosome. A side view of the nucleosome structure (PDB: 2CV5),

colored as in Figure 1B, is shown. Blue ellipsoids represent the two basic segments, B1 and B2, in the H3 N-tail. Orange

strings represent the linkers, L1 and L2, in the H3 N-tail. Dotted arrows represent the dynamic behavior of the H3 N-tails.

See also Figure S7.
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and chemical shift changes when compared with other residues (Figures 4B and 4D), confirming the rela-

tively higher mobility of this linker.

DISCUSSION

The present NMR analysis has verified the presence of distinct chemical environments around the two H3

N-tails in the 112-bp DNA/pAID nucleosome (Figures 1B, 2A, 2B, 3A, and 3B). These chemical environ-

ments were compared with those of the isolated H3 peptide bound to a DNA oligomer or the pAID pro-

tein (Figures 6A, 6B, S6C, and S6D). The basic H3 peptide dynamically interacted with phosphate groups

on DNA and pAID (Figures S6A and S6B). The smaller chemical shift changes between the H3 peptide

bound to DNA or pAID and the H3 N-tail on the pAID side in the 112-bp DNA/pAID nucleosome (Fig-

ure 6D) indicate that the dynamic behavior of the H3 peptide is similar to that of the pAID side H3

N-tail in the interaction with DNA or pAID. In analogy with this, previous studies of the canonical nucle-

osome using molecular dynamics simulations suggested that the nucleosomal H3 N-tails dynamically

collapse onto the surrounding DNA duplex (Morrison et al., 2018; Shaytan et al., 2016). Here, however,

the H3 N-tails on the DNA side and in the 145-bp nucleosome exhibited substantial changes in chemical

shift when compared with the pAID side H3 N-tail (Figures 2B and 6A–6D). This difference presumably

originates from the different interaction targets of the pAID and DNA side H3 N-tails. The DNA side

H3 N-tail is likely to favor the two DNA duplexes around the DNA side (Figure S7, DNA side view) rather

than the single DNA duplex around the dyad axis (Figure S7, top view). By contrast, the H3 N-tail on the

pAID side may interact in a state of dynamic equilibrium across one DNA duplex around the dyad axis

(Figure S7, top view) and one DNA duplex or one pAID segment around the pAID side (Figure S7,

pAID side view). This change in the dynamic behavior of the tail might make it more sensitive to the

HAT activity of Gcn5 (Figures 5D and 5E).

In the acetylation reaction of the unmodified nucleosomal complexes, it took 11–64 h to acetylate H3

Lys14 using Gcn5 (Figure 5D). By contrast, in the reaction of the H3 peptide with a 0.25-fold amount of

33-bp DNA, it took only 1 h to acetylate Lys14 under the same conditions (Figure S3B). These results indi-

cate that relatively tight contacts between the histone tails and DNA within nucleosome substantially

inhibit enzymatic accessibility to the H3 N-tails. In vivo, however, there should be various regulatory

mechanisms that increase H3 N-tail accessibility to HAT. In fact, the bromodomain within full-length

Gcn5 interacts with acetylated histone H4 in nucleosome, thereby facilitating H3 N-tail acetylation by

Gcn5 (Li and Shogren-Knaak, 2009). The interaction of nucleosome with hFACT might also enhance acet-

ylation. Therefore, it is likely that in vivo epigenetic processes are much more efficient than the in vitro

reaction.

It has been reported that the H3 N-tails in the 147-bp nucleosome prevent nucleosome association with

a PHD finger domain, whereas charge-modulating mutations or modifications of the H3 N-tails that

weaken the interaction with DNA increase domain binding (Morrison et al., 2018). This finding is in agree-

ment with our results showing that the H3 N-tails in the 145-bp nucleosome are protected from Gcn5,

but partial replacement of the nucleosomal DNA with hFACT increases Gcn5 accessibility to the H3

N-tails (Figures 5D, 5E, 7A, and 7B). In addition, replacement of DNA with hFACT may recruit effector

domains located in ATP-dependent chromatin remodeling complexes (Clapier et al., 2017) to the H3

N-tail released from DNA in the complex. In fact, FACT recruits the Polybromo-associated Brm (PBAP)

remodeler, which belongs to the SWI/SNF-type of complexes with bromodomains, to the chromatin

boundaries, thereby counteracting the spreading of heterochromatin in Drosophila (Nakayama et al.,

2012).

A recent study revealed that FACT, localized to heterochromatin, prevents histone turnover at closed chro-

matin sites with high nucleosome occupancy in S. pombe (Holla et al., 2020). This highlights our previous

EM structures, which showed that the replacement of DNA with pAID prevents histone loss (Mayanagi

et al., 2019). We envisage that the replacement of DNA with pAID may be an initial step to enable hFACT

to invade the condensed chromatin structure. Considering that the H3 tail is more exposed to solvent (Fig-

ure 7A), invasion of hFACT may be a potential trigger for converting inactive chromatin regions to a more

open structure. In fact, several studies have reported that FACT promotes the expression of key proteins

that are repressed in heterochromatin. FACT facilitates DNA demethylation at heterochromatic transpos-

able elements in Arabidopsis (Frost et al., 2018) and is required for efficient expression of DOG1, which is

involved in the switch from seed dormancy to germination in Arabidopsis (Michl-Holzinger et al., 2019).
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Last, mammalian FACT depletion inhibits the induction of pluripotency in reprogramming (Shen et al.,

2018).

In summary, our NMR analyses have enabled us to propose an advanced model, in which the partial

replacement of nucleosomal DNA with hFACT acts as a modulator for dynamic behavior of the H3 tails,

thereby altering their accessibility to HAT (Figures 7A and S7). This finding underscores the strong corre-

lation between the dynamic state of histone tails in unwrapped nucleosomes and protein accessibility.

Modulation of the dynamic behavior of histone tails is one of the universal determinants of hierarchical

chromatin structures. In future studies, therefore, it will be essential to examine the dynamic structures

of histone tails within nucleosomes unwrapped by histone variants, chromatin remodelers, RNA polymer-

ase II, and pioneer factors, among many others (Brahma and Henikoff, 2020; Dodonova et al., 2020; Ehara

et al., 2019; Farnung et al., 2017; He et al., 2020; Kujirai et al., 2018; Michael et al., 2020; Ramachandran et al.,

2017; Sinha et al., 2017; Tachiwana et al., 2011). It should be stressed that NMR analysis is the only method

currently available to directly measure the chemical environment around the histone tail within such mul-

tiple protein complexes, which are likely to be essential for epigenetic regulation and chromatin

remodeling.

Limitation of the Study

Themajor significance of our study using hFACT is mostly based on structural biology and in vitro biochem-

ical data. Additional in vivo data would be required in future works. However, amino acid sequences within

pAID are less conserved between yeast and human. Therefore, any mutational experiments within pAID,

using yeast, may not lead to correct interpretation of hFACT functions.

Resource Availability

Lead Contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by

the Lead Contact, Dr. Yoshifumi Nishimura (nisimura@yokohama-cu.ac.jp).

Materials Availability

This study did not generate new unique reagents.

Data and Code Availability

The datasets supporting the current study have not been deposited in a public repository but are available

from the corresponding author on request.

METHODS

All methods can be found in the accompanying Transparent Methods supplemental file.
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Figure S1. Related to Figure 2. NMR spectra of the 112-bp DNA/pAID 
nucleosome upon titration with 33-bp DNA. 
(A) Spectral superposition of the 2D 1H-15N HSQC spectra of the 112-bp 
DNA/pAID nucleosome upon titration with 33-bp DNA at molar ratios of 1:0 
(blue), 1:0.5 (cyan), 1:1 (green), and 1:2 (red). Signal assignments in the 112-bp 
DNA/pAID nucleosome are labeled. Cartoon models of the nucleosomal 



 

complexes are below, colored as in Figure 2A. 
(B) Spectral comparison of 2D 1H-15N HSQC spectra between the 145-bp 
nucleosome (blue) and the 112-bp DNA/pAID nucleosome upon the addition of a 
two-fold excess of DNA (red). Signal assignments in the 112-bp DNA/pAID 
nucleosome upon the addition of 33-bp DNA are labeled. 



 

 

Figure S2. Related to Figure 3. NMR spectra of the 145-bp nucleosome 
upon titration with NaCl. 
(A) Spectral superposition of 2D 1H-15N HSQC spectra of the 145-bp 



 

nucleosome upon NaCl titration at 0 M (red), 25 mM (blue), 50 mM (cyan), 100 
mM (green), and 200 mM (yellow). Signal assignments in the 145-bp 
nucleosome at 0 mM NaCl are labeled. Cartoon models of the nucleosomal 
complexes are below, colored as in Figure 2A. 
(B) Spectral comparison of 2D 1H-15N HSQC spectra between the 112-bp 
DNA/pAID nucleosome (blue) and the 145-bp nucleosome at 200 mM NaCl 
(yellow). The signal assignments in the 145-bp nucleosome at 200 mM NaCl are 
labeled. 
(C, D) Spectral comparison of 2D 1H-15N HSQC spectra at Val35 (C) and Arg2 
(D) for the 145-bp nucleosome (red), the 145-bp nucleosome at 200 mM NaCl 
(yellow), and the 112-bp DNA/pAID nucleosome (blue). Even in the 145-bp 
nucleosome, Arg2 exhibited two separate signals similar to Arg2 in the 112-bp 
DNA/pAID nucleosome. However, the two Arg2 signals disappeared upon NaCl 
titration. The NOE value of one signal (R2) was higher than that of the other 
(R2*) (Figure 4D), suggesting rigid and flexible states, respectively. The 
neighboring residue Thr3 was observed to have a broad signal (Figure 2B) and 
showed two separate signals in the 112/33-bp nucleosome (Figure S1B). Arg2 
and Thr3, which are close to the N-terminus, may adopt two conformations: a 
DNA-binding and a more exposed conformation. Val35 had a minor signal 
(V35*), which partially overlapped with the DNA side signal and was apart from 
the pAID side signal. Thr32, Gly33, and Gly34 also harbored minor signals, 
roughly corresponding to the pAID side signals (Figure 2B). These minor signals 
were impaired (Thr32) or incorporated into the corresponding pAID side signal 
(Gly33 and Gly34) upon NaCl titration (Figures 2B, 3A, and S2A), suggesting 
that the minor conformations of Thr32, Gly33, and Gly34 in the 145-bp 
nucleosome are more exposed states similar to the other pAID side residues in 
the 112-bp DNA/pAID nucleosome.  



 

 
Figure S3. Related to Figure 5. Acetylation of the nucleosomal complexes 
by Gcn5. 



 

(A) NMR spectra of the 112-bp DNA/pAID nucleosome at 1 (black), 12 (green), 
and 64 (red) hours after addition of Gcn5. Signal assignments in the 112-bp 
DNA/pAID nucleosome are labeled. 
(B) Expanded view of the 1H-15N NMR spectrum at Lys14 of the H3 peptide upon 
a 0.25-fold addition of 33-bp DNA at 0 mM and 200 mM NaCl during acetylation 
by Gcn5. After 1 hour, the signal for Lys14 was completely converted to the 
acetylated signal at 0 mM NaCl (left panel). By contrast, it took approximately 4 
hours for the Lys14 signal to convert to the acetylated signal at 200 mM NaCl 
(right panel). The acetylation rate of the H3 peptide was slower at 200 mM NaCl 
than at 0 mM NaCl. 
(C, D) SYBR Gold-stained EMSAs (C) and the CBB-stained duplicate (D) of 
nucleosomal complexes before the acetylation reactions. The free pAID protein 
was not stained by CBB, owing to its highly negative charge cluster. 
Experiments were repeated at least three times. 



 

 

Figure S4. Related to Figure 6. NMR spectra of the free H3 peptide under 
different conditions. 
(A) 2D 1H-15N HSQC spectrum of the H3 peptide in 20 mM HEPES-NaOH, pH 
7.0. 
(B) 2D 1H-15N HSQC spectrum of the H3 peptide upon the addition of 20 mM 
Na/K phosphate buffer, pH 7.0. 



 

 
Figure S5. Related to Figure 6. NMR spectra of the H3 peptide upon the 
addition of DNA or pAID. 
(A) 2D 1H-15N HSQC spectrum of the H3 peptide upon the addition of 33-bp DNA 
at a molar ratio of 1:0.25.  
(B) 2D 1H-15N HSQC spectrum of the H3 peptide upon the addition of pAID at a 
molar ratio of 1:0.25.  



 

 
Figure S6. Related to Figure 6. NMR spectra of the H3 peptide upon the 
titration of DNA or pAID. 
(A) Spectral superposition of the 2D 1H-15N HSQC spectra of the H3 peptide 
upon titration with 33-bp DNA at a molar ratio of 1:0.25 (blue), 1:0.75 (green), 



 

and 1:10 (brown).  
(B) Spectral superposition of the 2D 1H-15N HSQC spectra of the H3 peptide 
upon titration with pAID at a molar ratio of 1:0.25 (blue), 1:0.5 (cyan), and 1:10 
(brown).  
(C, D) Spectral comparison of 2D 1H-15N HSQC spectra at Arg2 (C) and Val35 
(D) between the H3 peptide upon the 10-fold addition of DNA (red) or pAID 
(cyan) and the 112-bp DNA/pAID nucleosome (black). 



 

 
Figure S7. Related to Figure 7. Schematic views of the dynamic structure of 
the H3 N-tails at asymmetric locations in the 112-bp DNA/pAID nucleosome.  
Four different views of the EM density map (EMD-9639) superimposed on the 
nucleosome structure (PDB ID: 2CV5), colored as in Figure 1B, are shown. Blue 



 

circular chains denote the H3 N-tails. The symbols indicating the dyad axis are 
based on the original nucleosome structure (top and front views). Black arrows 
represent the collapsed direction of the H3 N-tails (front view). Dotted arrows 
represent the dynamic behavior of the H3 N-tails (top and side views). The 
dashed ellipsoid, shaded in red and blue, represent the putative range of mobility 
of, respectively, the DNA and pAID side H3 N-tails in the 112-bp DNA/pAID 
nucleosome (top and side views). 
 
  



 

Transparent Methods 
RESOURCES TABLE 
REAGENT or RESOURCE SOURCE IDENTIFIER 

Bacterial and Virus Strains  

ECOS BL21(DE3) cells NIPPON GENE Cat# 314-06533 

DH10Bac cells Thermo Fisher Cat#10361012 

Chemicals, Peptides, and Recombinant Proteins 

Recombinant human histones Tsunaka et al., 2005 N/A 

Recombinant human FACT protein Tsunaka et al., 2016 N/A 

Recombinant human pAID protein Mayanagi et al., 2019 N/A 

Recombinant human H3 peptide Ishiyama et al., 2017 N/A 

Recombinant human Gcn5 catalytic domain Enzo Life Sciences Cat#BML-SE272-00

50 

HAT Assay Kit (Fluorescent) Active-motif Cat#56100 

SYBR Gold Nucleic Acid Gel Stain Thermo Fisher Cat#S11494 

Deposited Data 

Cryo-EM map of 112-bp octasome/pAID complex Mayanagi et al., 2019 EMDB: 9639 

The atomic nucleosome model determined by X-ray 

crystallography 

Tsunaka et al., 2005 PDB: 2CV5 

Experimental Models: Cell Lines 

Spodoptera frugiperda: Sf9 insect cells Thermo Fisher Cat#11496-015 

Oligonucleotides 

33-mer 601_1  5′-ATCAGAATCCCGGTGCCGAGGCC 

GCTCAATTGG-3′ 

Thermo Fisher N/A 

33-mer 601_2  5′-CCAATTGAGCGGCCTCGGCACCG 

GGATTCTGAT-3′ 

Thermo Fisher N/A 

Recombinant DNA 

pET-H2A Tsunaka et al., 2005 N/A 

pET-H2B Tsunaka et al., 2005 N/A 

pET-H3.1 Tsunaka et al., 2005 N/A 

pET-H4 Tsunaka et al., 2005 N/A 



 

pFastBacDual-HisSPT16-SSRP1 Tsunaka et al., 2016 N/A 

pColdI-pAID (residues 926-964) Mayanagi et al., 2019 N/A 

pGEX-ST1-histone H3 (residues 1-36+37W) Ishiyama et al., 2017 N/A 

pRSFduet-Casein Kinase 2 Mayanagi et al., 2019 N/A 

Tvector-145-bp 601 DNA Tsunaka et al., 2016 N/A 

Tvector-112-bp 601 DNA Tsunaka et al., 2016 N/A 

Software and Algorithms 

UCSF Chimera Pettersen et al., 2004 https://www.cgl.ucsf.

edu/chimera/ 

NMRPipe Delaglio et al., 1995 https://www.ibbr.umd

.edu/nmrpipe/ 

install.html 

Gnuplot http://gnuplot.info/ v5.0 

Olivia v1.16.9 M. Yokochi, S. 

Sekiguchi & F. Inagaki, 

Hokkaido University, 

Sapporo, Japan 

https://github.com/yo

kochi47/Olivia 

 
Protein expression and purification 
  Recombinant human histone proteins were produced in Escherichia coli and 
purified as described previously (Tsunaka et al., 2005). 2H/15N-labeled or 
2H/13C/15N-labeled full-length histone H3 proteins and an H3 peptide, composed 
of the H3 N-tail residues Ala1–Lys36 and an additional Trp37 residue, were each 
expressed in 100% deuterated M9 minimal medium containing 15N-ammonium 
chloride with or without 13C-glucose. Baculovirus-driven expression of the human 
FACT (hFACT) complex (co-expression of N-terminal His-tagged SPT16 and 
non-tagged SSRP1) in Sf9 insect cells was carried out as reported previously 
(Tsunaka et al., 2016). The pAID protein, comprising human SPT16 residues 
926–964, was expressed in E. coli strain BL21 (DE3) containing the expression 
plasmid pColdI (pAID) with pRSFduet (Casein Kinase 2) as reported previously 
(Mayanagi et al., 2019). The hFACT proteins were purified as described 
previously (Mayanagi et al., 2019; Tsunaka et al., 2016). All DNA segments are 



 

based on the 601 nucleosome positioning sequence (Lowary and Widom, 1998). 
DNA fragments of 33-bp, 112-bp, and 145-bp were constructed and purified as 
described previously (Tsunaka et al., 2016). The 112-bp DNA/pAID nucleosome, 
112-bp DNA/FACT nucleosome, and 145-bp nucleosome were reconstituted 
from histones, DNA fragments, and hFACT proteins by the salt dialysis method, 
and then purified as described previously (Mayanagi et al., 2019). The H3 
peptide was purified according to previously published protocols (Ishiyama et al., 
2017) with a few modifications. Cells were suspended in buffer containing 150 
mM NaCl, 20 mM Tris-HCl, pH 7.6, and 1 mM DTT, and lysed by sonication. The 
GST-fused H3 peptide was partially purified on a GSTrap column (GE 
Healthcare) and the GST tag was removed by SUMO protease. The H3 peptide 
was applied to a HiTrap SP cation exchange column (GE Healthcare). Fractions 
containing the H3 peptide were further purified on a Superdex200 GF column 
(GE Healthcare).  
 
NMR spectrometry 
  All NMR spectra were recorded at 293 K on 600-MHz and 950-MHz Bruker 
Avance III HD spectrometers, equipped with cryogenically triple-resonance 
pulsed-field gradient cryoprobes. All of them were processed with the program 
NMRPipe (Delaglio et al., 1995) and analyzed by the program Olivia (M. Yokochi, 
S. Sekiguchi & F. Inagaki, Hokkaido University, Sapporo, Japan). For backbone 
assignment, the 112-bp DNA/pAID nucleosome (80 μM) containing 
2H/13C/15N-labeled histone H3 in NMR buffer (20 mM HEPES-NaOH pH 7.0, 
10% D2O) was used. Backbone resonances were assigned via the following 
experiments:  TROSY-HNCACB, TROSY-HNCA, TROSY-HNCO, 
TROSY-HN(CA)CO and 2D TROSY-1H-15N HSQC. For other NMR experiments, 
reconstituted nucleosomal complexes (20–80 μM) containing 2H/15N-labeled 
histone H3 and a 2H/15N-labeled H3 peptide (30–100 μM) in NMR buffer were 
used.  
  Titration of 33-bp DNA or pAID into the 2H/15N-labeled H3 peptide or the 
2H/15N-labeled 112-bp DNA/pAID nucleosome was performed in NMR buffer at 
293 K. The change in signals caused by substrate titration were monitored by 
TROSY-1H-15N HSQC. Titration of NaCl into the 145-bp nucleosome containing 



 

2H/15N-labeled histone H3, and addition of 20 mM Na/K phosphate buffer, pH 7.0, 
to the 2H/15N-labeled H3 peptide were performed by the same method. Chemical 
shift differences (Δδ) were calculated according to Δδ = {(Δδ1H)2 + 
(Δδ15N/5)2}1/2. 
 
Heteronuclear NOE experiments 
  1H-15N heteronuclear NOE experiments were performed at 293 K on the 
15N-labeled 112-bp DNA/pAID nucleosome and the 15N-labeled 145-bp 
nucleosome in the NMR buffer using a Bruker Avance III HD 600-MHz 
spectrometer and TROSY-type pulse sequence. Before measurements, 1H 
signals were saturated by applying successive irradiation of 120-degree pulses 
at 5-ms intervals for 5 seconds, and the intensities of the irradiated signals were 
compared with those of the un-irradiated signals. 
 
NMR real-time monitoring of acetylation reaction 
  Acetylation reactions of the 112-bp DNA/pAID nucleosome, the 145-bp 
nucleosome, and the H3 peptide upon 0.25-fold addition of 33-bp DNA (1.6–2.5 
nmol of each substrate) were carried out in NMR buffer using 0.2 nmol of human 
Gcn5 catalytic domain (Enzo Life Sciences) in presence of 360 nmol of 
Acetyl-CoA at 0 or 200 mM NaCl. Enzymatic reactions were continuously run for 
64 hours at 293 K. Spectra were measured every hour. 
 
Electrophoretic mobility shift assays (EMSAs) 
  The 145-bp nucleosome (1.5 pmol) was mixed with pAID or hFACT proteins 
(each 1.5 pmol) in 20mM Tris-HCl, pH 7.0. These samples, the 145-bp 
nucleosome, the 112-bp DNA/pAID nucleosome, and the 112-bp DNA/FACT 
nucleosome (each 1.5 pmol) were incubated for 15 min at 30 °C in a reaction 
buffer containing 150 mM NaCl, 20 mM Tris-HCl, pH 7.6. The samples were 
separated by electrophoresis at 4 °C on a 7.5% native-PAGE in 1 × Tris-glycine 
buffer, and were visualized by SYBR Gold nucleic acid gel stain.  
 
Fluorescence HAT assay 



 

  HAT reactions were performed for 17 hours at 25 °C using 20 pmol of 
nucleosomes, hFACT proteins, and the mixed samples in the presence of 2 
pmol of human Gcn5 catalytic domain (Enzo Life Sciences) and 2.5 nmol of 
Acetyl-CoA in 20 mM Tris-HCl pH 7.0 in a total volume of 50 μl. The HAT 
reaction was quantified by the detection of CoA-SH after the reaction using the 
Fluorescent HAT Assay Kit (Active-motif). The reported values have been 
subtracted for the intensity of samples in which substrates were added to the 
mixtures after the reaction. Fluorescence intensities were detected by using 
Varioskan Flash 2.4 (Thermo Scientific). All data were normalized to the mean 
intensities of at least three independent reactions.  
 
Quantification and statistical analysis 
  Quantification and statistical details of experiments can be found in the 
relevant figure legends. 
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