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SUMMARY

The human FACT (facilitates chromatin transcription)
complex, composed of two subunits SPT16 (Sup-
pressor of Ty 16) and SSRP1 (Structure-specific
recognition protein-1), plays essential roles in nucle-
osome remodeling. However, the molecular mecha-
nism of FACT reorganizing the nucleosome still
remains elusive. In this study, we demonstrate that
FACT displays dual functions in destabilizing the
nucleosome and maintaining the original histones
and nucleosome integrity at the single-nucleosome
level. We found that the subunit SSRP1 is respon-
sible for maintenance of nucleosome integrity by
holding the H3/H4 tetramer on DNA and promoting
the deposition of the H2A/H2B dimer onto the nucle-
osome. In contrast, the large subunit SPT16 destabi-
lizes the nucleosome structure by displacing the
H2A/H2B dimers. Our findings provide mechanistic
insights by which the two subunits of FACT coordi-
nate with each other to fulfill its functions and sug-
gest that FACT may play essential roles in preserving
the original histones with epigenetic identity during
transcription or DNA replication.

INTRODUCTION

In eukaryotes, genomic DNA is packaged into chromatin by his-
tones. All DNA-related processes, including transcription and
DNA replication and repair, occur in the context of chromatin,
where the barrier nucleosome must be temporarily removed first
and rapidly restored afterward. The original epigenetic identity

284 Molecular Cell 771, 284-293, July 19, 2018 © 2018 Elsevier Inc.

on the nucleosome needs to be preserved after the DNA replica-
tion or transcription (Alabert and Groth, 2012; Kaufman and
Rando, 2010). FACT (Facilitates chromatin transcription), named
for its ability to facilitate the elongation of RNA Pol Il on chromatin
template (Belotserkovskaya et al., 2003; Orphanides et al.,
1998), is highly conserved among eukaryotes and essential for
cell viability (Orphanides et al., 1999; Reinberg and Sims,
2006). FACT, initially identified as an H2A/H2B histone chap-
erone (Belotserkovskaya et al., 2003), has been characterized
to play a pivotal role in almost all chromatin-related processes,
including transcription, replication, and repair (Heo et al., 2008;
Yang et al., 2016). Previous studies have found that FACT not
only facilitates the progression of DNA and RNA polymerases
on chromatin, but also maintains the genome-wide integrity of
chromatin structure through its chaperone activity (Formosa
et al., 2002; Hainer et al.,, 2011; Jamai et al., 2009; Kaplan
et al., 2003; Lejeune et al., 2007; Mason and Struhl, 2003; Witt-
meyer et al., 1999). Interestingly, the deficiency of FACT in vivo
would increase the turnover rates for both H2A/H2B dimers
and H3/H4 tetramers, and inappropriately activate repressed
genes (Hainer et al., 2011; Jamai et al., 2009; Kaplan et al.,
2003), indicating that FACT may also function in maintaining
nucleosome integrity. However, the mechanisms of how FACT
accomplishes these crucial and seemingly contradictory func-
tions still remain poorly understood (Formosa, 2012).

The human FACT is a large heterodimeric complex composed
of two subunits, SPT16 (Suppressor of Ty 16) and SSRP1 (Struc-
ture-specific recognition protein-1). The interactions between
several distinct domains of the subunits and histones or DNA
have been elucidated separately by structural and biochemical
investigations. Briefly, for the subunit SPT16, the C-terminal re-
gion, especially the highly acidic segment, has been found to
interact with the H2B N-terminal basic region; the middle domain
and the N-terminal region bind to the H3/H4 tetramer (Stuwe
et al., 2008; Tsunaka et al., 2016). The subunit SSRP1 contains
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a well-characterized DNA-binding domain HMG-1 at the C termi-
nus, which enables the protein to bind DNA as it enters and exits
the nucleosome (Bustin and Reeves, 1996; Yarnell et al., 2001).
The middle domain of SSRP1 has been shown to interact with
H3/H4 histones and DNA, while the N-terminal domain is
required for the interaction of SSRP1 with SPT16 (Keller and
Lu, 2002; VanDemark et al., 2006; Zhang et al., 2015). In spite
of these results, the structure of the intact heterodimer alone or
in complex with the nucleosome is still elusive. It also remains
poorly understood how SPT16 and SSRP1 coordinate with
each other to accomplish the biological functions of FACT.

In this work, we investigated the regulatory functions of the
FACT complex, the SPT16 subunit, and the SSRP1 subunit on
the nucleosome by use of single-molecule magnetic tweezers,
which is a powerful tool to assess the real-time disassembly
and re-assembly of single nucleosomes in vitro. We revealed
that the FACT complex not only destabilizes the nucleosome
structure to assist the passage of polymerases, but also en-
hances the reversibility of nucleosome formation, which may
play a central role in preserving the original histones at specific
gene loci after the passage of RNA or DNA polymerases during
transcription or DNA replication. Furthermore, we found that
the two subunits of the FACT complex, SPT16 and SSRP1, func-
tion distinctly but coordinately to fulfill the two-face functions of
the FACT complex in building, overcoming, and maintaining the
nucleosome barrier.

RESULTS

FACT Destabilizes the Nucleosome Structure and
Maintains Nucleosome Integrity

The mono-nucleosome with linker histone H1 used in our single-
molecule experiments was reconstituted in vitro onto a 409-bp
DNA fragment containing one repeat of Widom 601 nucleosome
positioning sequence and characterized by electron microscopy
(EM) imaging (Figure S1A). To trace the structure transition of a
mono-nucleosome by magnetic tweezers, we applied a continu-
ously increasing force on the mono-nucleosome by moving the
magnets in z direction at a rate of 2 um/s and recorded the
real-time end-to-end distance trajectories of the individual
nucleosome (Figures 1A and S1B). In the absence of FACT, the
nucleosome displayed the well-characterized two-step unfold-
ing dynamics, consistent with previous results of ours (Li et al.,
2016) and others (Hall et al., 2009; Mihardja et al., 2006). The first
step at low force around 10 pN corresponds to the unraveling of
the outer nucleosomal DNA wrap, and the second one at high
force around 18 pN is associated with the unraveling of the inner
DNA wrap (Figures 1B, purple line, and S1C). Interestingly, in the
presence of FACT, the nucleosome was observed to disas-
semble at force around 5 pN for the outer wrap and was
completely disrupted at force around 8 pN for the inner wrap
(Figure 1B, green line). The much lower disruption forces indicate
that FACT greatly destabilizes the nucleosome and dramatically
reduces the magnitude of the nucleosome barrier, which may
help to facilitate gene transcription as indicated by previous
in vitro studies (Belotserkovskaya et al., 2003; Orphanides
et al., 1998). In addition, FACT induces a very different unfolding
pathway of the nucleosome. In the absence of FACT (Figures 1B,

purple line, and S1C), the two-step unfolding process includes
one reversible unraveling of the outer wrap with a step size of
21.2 £ 0.4 nm (mean + SE) and one irreversible unraveling of
the inner wrap with a step size of 25.6 + 0.6 nm (mean + SE) (Fig-
ure 1B, right cartoon). In the presence of FACT, however, the
nucleosome is disrupted in a distinct four-step process, with a
step size of 10.2 £ 0.5, 10.1 + 0.3, 12.2 £ 0.5, and 12.1 =
0.6 nm (mean + SE), respectively (Figures 1C, green line, and
S1D), which might be contributed to two half-outer-wrap and
two half-inner-wrap unraveling (Figure 1B, left cartoon). More
importantly, all these four transitions are reversible as shown in
the time course of length trajectory in Figure S1E.

By performing repeated stretching measurements with mag-
netic tweezers, we can conveniently monitor the re-assembly of
the nucleosome after the original nucleosome structure is fully dis-
rupted (Figures 1C and 1D). In the absence of FACT, we can
observe the two-step unfolding pathway of the intact nucleosome
in the first cycle, but the nucleosome structure cannot be recon-
structed correctly (Figure 1C), indicating that histones may be dis-
placed from the nucleosomal DNA when the nucleosome is fully
disrupted (Figure 1C, bottom cartoon). Intriguingly, in the pres-
ence of FACT, the nucleosome maintains the four-step unfolding
pathway and retains the similar force response in each cycle (Fig-
ure 1D). The results strongly indicate that FACT can not only hold
the original histone octamer on DNA when the nucleosome is fully
unraveled under high tension, but also promote the reassembly of
the nucleosome structure when the tension is released (Figure 1D,
bottom cartoon). We repeated the stretching measurements up to
five times and more details can be found in Figure S1F. Similar re-
sults were obtained even when abruptly or long-period (up to
5 min) large force was applied in the repeated force-jump experi-
ments, indicating the strong interaction between FACT and the
nucleosome (Figure S1G). In addition, after we removed the free
FACT complexes surrounding the nucleosomes in the solution,
the similar folding and unfolding dynamics of the nucleosome
can be observed, indicating that FACT keeps bound on the nucle-
osome during the stretching experiments (Figure STH).

SSRP1 Maintains the H3/H4 Tetramer on Nucleosomal
DNA and SPT16 Disrupts the Outer Nucleosomal Wrap
by Displacing H2A/H2B Dimers

The human FACT complex is a heterodimer composed of two
subunits SPT16 and SSRP1 (Orphanides et al., 1999) (Fig-
ure S2A). We investigated the folding and unfolding dynamics
of the nucleosome in the presence of the isolated SPT16 and
SSRP1 instead of the holo-FACT complex (Figure S2B). The iso-
lated SPT16 and SSRP1 still can destabilize the nucleosome
structure and help to maintain the integrity of the nucleosome,
but not as efficiently as the holo-FACT complex (Figure S2B).
The results indicate that the physical association of the two sub-
units is important for FACT to fulfill its function efficiently.

To further identify the distinct functions of the two subunits, we
studied the folding dynamics of the nucleosome in the presence
of either SPT16 or SSRP1, respectively. We first carried out the
repeated stretching measurements in the low-force region
(0-12 pN) where the inner nucleosomal DNA wrap remains intact,
and only the unfolding and refolding dynamics of the outer DNA
wrap is observable. For the nucleosome alone, the outer DNA
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Figure 1. FACT Destabilizes Nucleosome Structure and Maintains Nucleosome Integrity

(A) Schematic setup of the magnetic tweezers used in the study (not to scale) (please find details in STAR Methods).

(B) Comparison of two typical force-extension curves of a nucleosome with or without FACT in H&E buffer (please find more details of statistic data in STAR
Methods). The cartoon right or left represents the dynamics of the nucleosome without or with FACT, respectively.

(C and D) Repeated stretching measurements of a single nucleosome without (C) and with (D) FACT, with the cartoon below representing the relative dynamic
process of the nucleosome, respectively. In the first stretching cycle, the nucleosome was unfolded by slowly increasing force up to 20 pN at a loading rate of 0.1
pN/s, and the dynamic unfolding of the nucleosome was recorded. After that, the tension was released to 0 pN rapidly, and we waited for 5 min and then repeated
the stretching cycle on the same nucleosome sample. The above steps were repeated 5 times for each nucleosome sample, with the first 3 repeats shown in

the figures.

wrap is unfolded and reversibly refolded at force around 10 pN
(Figure 2A). In the presence of SSRP1, the formation of the outer
wrap remains reversible (Figure 2B). In contrast, SPT16 not only
significantly reduces the stability, but also changes the revers-
ibility of the outer wrap. In the presence of SPT16, the outer
wrap is unfolded in two steps at around 6 pN, and it cannot be
maintained in the repeated stretching experiments (Figure 2C).
As the outer wrap is mainly associated with the H2A/H2B dimers
(Luger et al., 1997), the results indicate that SPT16 may actively
displace the H2A/H2B dimers from the nucleosome so that the
outer wrap cannot correctly restore. Our results are consistent
with previous biochemical and structural studies (Stuwe et al.,
2008; Tsunaka et al., 2016; Winkler et al., 2011), demonstrating
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that SPT16 prefers to bind the H2A/H2B dimers and displaces
the dimers from the nucleosome.

Surprisingly, during the repeated stretching experiments in the
high-force region (0-20 pN), compared with the nucleosome alone
whose outer and inner DNA wraps are irreversibly unraveled (Fig-
ure 2D), SSRP1 maintains the integrity of the inner wrap, but not
the outer wrap (Figure 2E). Because the inner DNA wrap is mainly
associated with the H3/H4 tetramer (Luger et al., 1997), our results
indicate that SSRP1 holds the H3/H4 tetramer on the nucleosomal
DNA and maintains the inner wrap integrity. The irreversible unrav-
eling of the outer wrap suggests that SSRP1 alone cannot hold the
H2A/H2B dimers when the whole nucleosome structure is fully
disrupted. Previously, several biochemical and structural studies
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Figure 2. SSRP1 Maintains the H3/H4 Tetramer on the Nucleosome and SPT16 Interacts with the H2A/H2B Dimer to Disrupt the Outer Nucle-

osomal Wrap

(A-C) Repeated stretching measurements of the same single nucleosome alone (A), with SSRP1 (B), or with SPT16 (C) at the low-force region of 0-12 pN where
only the outer nucleosomal DNA wrap is disrupted but the inner wrap keeps intact, with the cartoon below representing the relative dynamic process of the

nucleosome, respectively.

(D-F) Repeated stretching measurements of the same single nucleosome alone (D), with SSRP1 (E), or with SPT16 (F) at the high-force region of 0-20 pN where
both the outer and inner nucleosomal DNA wrap is disrupted, with the cartoon below representing the relative dynamic process of the nucleosome, respectively.
All these curves are the typical stretching behavior chosen from our parallel measurements for independent nucleosome samples (N > 100).

also have shown that SSRP1 prefers to bind nucleosomal DNA
and H3/H4 histones (Bustin and Reeves, 1996; Winkler et al.,
2011; Yarnell et al., 2001; Zhang et al., 2015), which supports
our observations. Comparatively, SPT16 cannot maintain the
outer or inner wrap integrity after the nucleosome is fully disrupted
under high tension (Figure 2F). In summary, our results showed
that, in the nucleosome remodeling process, SPT16 binds to the
H2A/H2B dimers and displaces the dimers from the outer wrap,
and SSRP1 binds to the H3/H4 tetramer and DNA to maintain
the inner wrap integrity.

The FACT Complex Helps to Maintain the Tetrasome
Integrity and Facilitates the Deposition of H2A/H2B
Dimers into Tetrasomes to Form Nucleosomes by the
SSRP1 Subunit

Nucleosome assembly is another important process in maintain-
ing chromatin integrity. Previous studies have shown that the his-

tone H3/H4 tetramer binds to DNA in position first to allow the
subsequent correct deposition of H2A/H2B dimers (Li et al,,
2012; Oohara and Wada, 1987). Here, we use mono-tetrasomes
(the particles made of DNA wrapped around one H3/H4
tetramer) reconstituted in vitro with linker histone H1 as sub-
strates to address the functions of FACT on the tetrasome and
the H2A/H2B deposition property. The reconstituted mono-tet-
rasomes were well positioned in the middle of DNA, as charac-
terized by EM imaging (Figure S3A). The obvious one-step
unfolding with a step size of 21.2 + 0.4 nm (mean + SE) at force
around 12 pN, which corresponds to a well-formed inner nucle-
osomal wrap, cannot be maintained in the repeated stretching
measurements (Figure 3A). However, in the presence of FACT
or individual SSRP1, the formation of tetrasomes becomes
reversible, which indicates that SSRP1, as well as FACT, can
hold the original H3/H4 tetramer on the DNA template and pro-
mote reconstruction of the tetrasome (Figures 3B and 3C). In
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Figure 3. The FACT Complex Helps to Maintain Tetrasome Integrity and Deposit H2A/H2B Dimers into Tetrasomes to Form Intact Nucle-

osomes

(A-H) The repeated stretching measurements of the same single mono-tetrasome alone (A), with FACT alone (B), with SSRP1 alone (C), with SPT16 alone (D), with
H2A/H2B alone (E), with FACT and the H2A/H2B dimer (F), with SSRP1 and the H2A/H2B dimer (G), and with SPT16 and the H2A/H2B dimer (H) (the cartoon
below representing the relative dynamic process of the nucleosome, respectively).

(1) A gel shift assay shows the properties of FACT, SSRP1, or SPT16 to promote the deposition of the H2A/H2B dimer into tetrasome to form the nucleosome. The
first lane is the marker, and the next 7 lanes show the tetrasome incubated with the H2A/H2B dimer and different concentrations of FACT-related protein (with the
molar ratios of the protein/nucleosome indicated). The last 4 lanes are the controls indicating the positions of the tetrasome, nucleosome, tetrasome + protein,
and nucleosome + protein. The quantified analyses from 4 independent repeats were shown on the right panel. Error bars indicate SEM. Statistical analysis was
performed using one-tailed Student’s t test with p value indicated, respectively.

contrast, SPT16 cannot maintain the inner wrap after the tetra-
some is totally disrupted (Figure 3D).

We further examined whether FACT can deposit H2A/H2B
onto the tetrasome to assemble the nucleosome. Interestingly,
in the presence of H2A/H2B and FACT, the unfolding dynamics
of the tetrasome becomes very similar to that of intact nucleo-
somes (Figure 3F), with the four-step unfolding of outer and inner
nucleosomal DNA wraps clearly observable. More importantly,
the unfolding dynamics of the newly formed nucleosomal com-
plex becomes repeatable in the stretching cycles. These results
indicate that FACT can successfully deposit H2A/H2B dimers
onto the tetrasome to form an intact nucleosome. At the same
time, we monitored the regulatory effect of either SSRP1 or
SPT16 on this process. We found that SSRP1 alone still can de-
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posit H2A/H2B dimers onto the tetrasome to form an intact
nucleosome with the four-step unfolding process clearly observ-
able (Figure 3G). However, because SSRP1 alone cannot hold
H2A/H2B dimers on the nucleosome well as we found in Fig-
ure 2E, we always observed the loss of the outer DNA wrap
and its regain by H2A/H2B deposition in the repeated stretching
measurements (Figures 3G and S3B). As shown in Figure 3G, we
can only observe the disruption step of inner DNA wrap in the
second repeat of the assay, which indicates that the outer
DNA wrap is not correctly formed here. In contrast, SPT16 alone
cannot promote the deposition of H2A/H2B (Figure 3H). As re-
vealed in our previous experiments (Figures 2C and 2F), SPT16
prefers to bind the H2A/H2B dimers, and it may keep the
H2A/H2B dimers on the nucleosome for helping SSRP1 to



reassemble an intact nucleosome. Our biochemical analysis by
gel electrophoresis in Figure 31 shows that, with the addition of
increasing amounts of FACT, the band corresponding to tetra-
somes shifts quickly to the band corresponding to nucleosomes,
confirming that FACT promotes the deposition of H2A/H2B
dimers onto the tetrasome to form the nucleosome. As compar-
isons, the subunit SSRP1 has a weaker effect on the formation of
nucleosomes, indicating that SSRP1 may facilitate the deposi-
tion of H2A/H2B dimers, but it cannot stably maintain the H2A/
H2B dimers on the nucleosome. SPT16 has little effect on the
deposition of H2A/H2B onto tetrasomes to form intact nucleo-
somes. These biochemical results agree very well with our sin-
gle-molecule experimental results.

The HMG Domain Plays Essential Roles in SSRP1’s
Function on the Nucleosome

We have shown that SSRP1 can hold the original H3/H4 tetramer
on DNA to maintain the inner wrap integrity; meanwhile, SSRP1
can deposit H2A/H2B dimers into the tetrasome to form an intact
nucleosome. SSRP1 contains a well-characterized DNA-binding
domain HMG-1 at its C terminus (Yarnell et al., 2001), which may
enable the protein to bind nucleosomal DNA where it enters and
exits the nucleosome (Bustin and Reeves, 1996). Consistent with
this hypothesis, we found that deletion of the HMG domain in
SSRP1 greatly impairs its DNA binding activity (Figure 4A). In
addition, our biochemical analysis by gel electrophoresis
showed that the truncated SSRP1 with the HMG domain deleted
(SSRP1AHMG) exhibits a much lower ability to deposit H2A/H2B
dimers onto the tetrasome, as compared with the full-length
SSRP1 (Figure 4B). Consistently, our single-molecule investiga-
tion showed that, with the HMG domain deleted, SSRP1 cannot
maintain the integrity of the inner nucleosomal wrap and the tet-
rasome and loses its ability to deposit H2A/H2B dimers onto the
tetramer as well (Figures 4C-4E). The results reveal that the
DNA-binding HMG domain of SSRP1 plays essential roles in
maintaining nucleosome integrity by FACT.

DISCUSSION

The FACT complex has been found to play essential roles in
nucleosome remodeling during transcription and DNA replica-
tion and repair. Although the interactions between several
distinct domains of FACT and histones or DNA have been eluci-
dated independently by structural and biochemical studies (Bus-
tin and Reeves, 1996; Keller and Lu, 2002; Stuwe et al., 2008;
Tsunaka et al., 2016; Valieva et al., 2017; Yarnell et al., 2001), it
still remains poorly understood how FACT reorganizes the nucle-
osome, and how its two subunits, SPT16 and SSRP1, coordinate
with each other to accomplish this process (Formosa, 2012).
Here, using magnetic tweezers, we revealed the two-face func-
tions of FACT in destabilizing the nucleosome and maintaining its
integrity at the single-nucleosome level (Figure 5). We demon-
strated that the intact FACT complex not only destabilizes both
the inner and outer nucleosome wraps, but also changes the
folding and unfolding kinetics of transitions and enhances the
reversibility of nucleosome formation. Previously, it was shown
that FACT can bind nucleosomes and promote the global acces-
sibility of nucleosomal DNA to restriction endonuclease, sug-

gesting that the FACT complex reorganizes the nucleosome
structure (Xin et al., 2009). Our results indicate that binding of
the FACT complex would alter the interaction between DNA
and the histone octamer in the nucleosome, not only reorganiz-
ing the nucleosome structure but also retaining the nucleosome
components (histones and DNA) together in a looser manner
(Figure 5). In such a way, the FACT complex could hold the orig-
inal histones along with the nucleosomal DNA and maintain
nucleosome integrity, but it also destabilizes the inner and outer
wraps to assist the passage of polymerases through the nucleo-
some barrier.

Moreover, our investigations show that the two subunits of the
FACT complex, SPT16 and SSRP1, function distinctly but coor-
dinately to fulfill the two-face functions of the FACT complex.
Compared with the holo-FACT complex, the binding capacity
of the two subunits to the nucleosome is reduced. To investigate
the binding capacity of FACT and its two subunits on nucleo-
somes, we measured the dissociation constants Kp for FACT,
SPT16, and SSRP1 binding to our 409-bp nucleosome by sin-
gle-molecule magnetic tweezers (see STAR Methods and Fig-
ure S4A). The resulting Kp for FACT, SPT16, and SSRP1 binding
to 409-bp nucleosome is 16.2 + 6.3 (mean + SE), 62.4 + 15.9
(mean = SE), and 44.8 + 7.7 nM (mean =+ SE), respectively, which
agrees well with the previous data obtained in bulk assays (Win-
kler etal., 2011). In addition, the effect of different FACT subunits
on the nucleosome dynamics after it binds to the nucleosome
has been investigated. We demonstrated for the first time that
the subunit SSRP1 functions as a scaffold to “keep things in
place” to maintain nucleosome integrity, by preserving the
H3/H4 tetramer on DNA to restore the inner nucleosomal DNA
wrap through its histone binding domains and DNA binding
HMG domain. Consistent with this hypothesis, previous studies
have shown that SSRP1 interacts with both the H3/H4 tetramer
and nucleosomal DNA (Winkler et al., 2011; Yarnell et al., 2001;
Zhang et al., 2015). In addition, we found that SSRP1 can facili-
tate the deposition of H2A/H2B dimers into the nucleosome but
cannot tightly maintain the H2A/H2B dimers on the nucleosome
in the absence of the SPT16 subunit. Maintaining H2A/H2B on
the nucleosome requires cooperation between SPT16 and
SSRP1. The DNA-binding HMG domain of SSRP1 plays an
essential role in maintaining nucleosome integrity. The binding
capacity of SSRP1AHMG to the nucleosome is reduced signifi-
cantly, with Kp increasing ~10-fold compared with the full-length
SSRP1 (see STAR Methods and Figure S4A). With the HMG
domain deleted, SSRP1 almost loses its functions on the nucle-
osome reassembly. We should note that, in yeast and fungi, the
SSRP1 subunit is called Pob3, which lacks the HMG DNA bind-
ing motif found at the SSRP1, and the DNA-binding activity
instead appears to be supplied by the separate protein Nhp6
(Brewster et al., 2001; Wittmeyer and Formosa, 1997). SSPR1
is essential for viability, but yeast cells can grow slowly without
Nhp6, and viable strains of fission yeast lacking the Pob3 have
also been described (Lejeune et al., 2007; Stillman, 2010). It
will be of great interest to investigate how the Pob3 and/or
Nhp6 interact with the nucleosomes.

In contrast, we showed that the subunit SPT16 is mainly
responsible for displacement of H2A/H2B dimers and unraveling
of the outer wrap through its H2A/H2B dimer binding domain as
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Figure 4. The HMG Domain Plays Essential Roles in SSRP1 Function on the Nucleosome
(A) A gel shift assay shows the DNA binding properties of SSRP1 and SSRP1AHMG. The first lane is the marker, and the next lanes show DNA incubated with
different concentrations of SSRP1 or SSRP1AHMG (with the molar ratios of protein/DNA indicated). The quantified analyses from 4 independent repeats were

shown on the right panel. Error bars indicate SEM.

(B) A gel shift assay shows the properties of SSRP1 and SSRP1AHMG to promote H2A/H2B dimer deposition onto tetrasome to form the nucleosome. The first
lane is the marker, and the next 7 lanes show the tetrasome incubated with the H2A/H2B dimer and different concentrations of SSRP1 or SSRP1AHMG (with the
molar ratios of the protein/nucleosome indicated). The last 4 lanes are the controls indicating the positions of the tetrasome, nucleosome, tetrasome + protein,
and nucleosome + protein. The quantified analyses from 4 independent repeats were shown on the right panel. Error bars indicate SEM. Statistical analysis was
performed using one-tailed Student’s t test with p value indicated, respectively.

(C-E) Repeated stretching measurements of the same single nucleosome with SSRP1AHMG (C), with SSRP1AHMG (D), and with SSRP1AHMG and the
H2A/H2B dimer (E) (the cartoon below representing the relative dynamic process of the nucleosome/tetrasome, respectively).

reported previously (Belotserkovskaya et al., 2003; Tsunaka
et al., 2016; Winkler et al., 2011). In addition, SPT16 helps
SSRP1 to maintain H2A/H2B on the nucleosome; in the absence
of the SPT16 subunit, SSRP1 cannot hold the H2A/H2B dimers
on the nucleosome. The C-terminal domain of SPT16 has been
shown to play essential roles for FACT-mediated nucleosome
reorganization (Belotserkovskaya et al., 2003; Tsunaka et al.,
2016; Winkler et al., 2011). In our study, we also found, with
the whole C terminus of SPT16 deleted, the FACT functions on
nucleosomes very similarly to SSRP1 alone (Figure S4B), sug-
gesting that the main function of SPT16 in the FACT complex
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is contributed by its C terminus. In addition, recently we have
also shown that the SPT16 subunit can destabilize the tetranu-
cleosomal units by its U-turn motif to facilitate gene expression
(Li et al., 2016). Our studies reveal that the SPT16 subunit plays
essential roles in FACT function to destabilize the chromatin
structure, not only by displacing H2A/H2B dimers at the nucleo-
some level, but also by interrupting the inter-nucleosome inter-
actions within tetranucleosomal units in chromatin fibers.

FACT has been shown to functionally interact with different
histone modifications or binding partners in distinct chromatin-
related processes. For instance, FACT has been shown to
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cooperate with H2B mono-ubiquitination (at K120 in mammals)
to promote transcription elongation (Fleming et al., 2008; Pavri
et al., 2006). In contrast, it was reported that FACT activity is
blocked by H2A mono-ubiquitination (at K119 in mammals) to
inhibit transcription elongation (Fleming et al., 2008; Pavri
et al., 2006; Zhou et al., 2008). In addition, the interaction of
FACT with RPA or MCM2 may help to coupling FACT to the
DNA replication process (Tan et al., 2006; VanDemark et al.,
2006; Yang et al., 2016), and the association of FACT with
CENP-C or CENP-T/-W allows FACT function at centromeres
(Prendergast et al., 2016). Our present results define the basic
mechanism by which the two subunits of FACT complex coordi-
nate on nucleosomes to fulfill its two-face functions. It will be of
great interest to investigate whether or how these different fac-
tors regulate these two-face functions of FACT in different bio-
logical processes.

In eukaryotes, in addition to that encoded in DNA sequence,
organisms and cells can inherit epigenetic information from the
parental generation—this is also known as epigenetic inheri-
tance. In such a mechanism, parental histones must re-asso-
ciate with two newly synthesized daughter DNAs around their
original location on the mother DNA (Alabert and Groth, 2012;
Kaufman and Rando, 2010). Otherwise, epigenetic inheritance
of chromatin states would become conceptually impossible.
Thus, the maintenance of nucleosome integrity plays essential
roles to preserve the original epigenetic identity during DNA
replication and transcription. Many studies using the SV40 repli-
cation system have demonstrated that parental nucleosomes do
not completely dissociate and old histones remain associated
with DNA during the replication process (Bonne-Andrea et al.,
1990; Ishimi et al., 1991; Krude and Knippers, 1991; Randall
and Kelly, 1992; Sugasawa et al., 1992), although some earlier in-
vestigations showed that parental nucleosomes undergo some
level of disassembly during the passage of replication fork (Gruss
et al.,, 1993; Jackson, 1990). Most recently, by reconstituting
chromatin replication with purified proteins, Kurat et al. showed
that parental nucleosomes are efficiently reassembled in the
back of the replisome in the presence of FACT, Nhp6, chromatin
remodelers, and lysine acetyltransferases (Kurat et al., 2017). In
addition, a previous in vivo study also demonstrated that FACT,
cooperatively with MCM2, helps to preserve chromatin integrity
during transcription and DNA replication (Foltman et al., 2013).
These studies suggest that FACT may help to preserve chro-
matin integrity through cooperating with other factors during
transcription and DNA replication. In this study, we provide a mo-
lecular detail of how the SSRP1 subunit functions as a scaffold to
sustain the FACT function in maintaining nucleosome integrity,

Figure 5. The Mechanism Model Pro-
posed for the Function of FACT on the
Nucleosome

FACT’s dual function of attenuating and main-
taining the nucleosome structure is obtained
through three interactions, interaction between
SPT16 and the H2A/H2B dimer, interaction be-
tween SSRP1 and the H3/H4 tetramer, and the
interaction between HMG and DNA.

which suggests that FACT may play essential roles in restoring
nucleosomes to preserve the old histones with epigenetic iden-
tity at specific gene loci throughout RNA or DNA polymerase
passage during transcription and the DNA replication process.

STARXMETHODS

Detailed methods are provided in the online version of this paper
and include the following:

o KEY RESOURCES TABLE
o CONTACT FOR REGENT AND RESOURCE SHARING
e EXPERIMENTAL MODEL AND SUBJECT DETAILS
O Cell culture and transfection
e METHOD DETAILS
O Protein purification
Nucleosome reconstitution
Electron microscopy analysis
Histone deposition assays
DNA binding assay
Single-molecule magnetic tweezers analysis
Force-extension measurement of mono-nucleosomes
Force-jump measurement of mono-nucleosome
with FACT
o QUANTIFICATION AND STATISTICAL ANALYSIS
O The dissociation constant Ky measured by single-
molecule magnetic tweezers
e DATA AND SOFTWARE AVAILABILITY

O O0OO0OO0OO0OO0OO0

SUPPLEMENTAL INFORMATION

Supplemental Information includes four figures and can be found with this
article online at https://doi.org/10.1016/j.molcel.2018.06.020.

ACKNOWLEDGMENTS

This work was supported by grants to G.L. from the Ministry of Science and
Technology of China (2017YFA0504200 and 2015CB856200), the National
Natural Science Foundation of China (31630041, 31525013, and 31521002),
and the Chinese Academy of Sciences (CAS) Strategic Priority Research Pro-
gram (XDB19040202), to M.L. from the National Natural Science Foundation of
China (61275192), to W.L. from the National Natural Science Foundation of
China (11474346) and the Key Research Program of Frontier Sciences, CAS
(QYZDB-SSW-SLH045), to P.C. from National Natural Science Foundation
of China (31471218) and the Youth Innovation Promotion Association CAS
(2015071), and to P.-Y.W. from the National Key Research and Development
Program (2016YFA0301500). The work was also supported by the Key
Research Program on Frontier Science (QYZDY-SSW-SMC020) and the
HHMI international research scholar grant (55008737) for G.L. All EM data
were collected and processed at the Center for Bio-imaging, Core Facility

Molecular Cell 77, 284-293, July 19, 2018 291

CellPress



https://doi.org/10.1016/j.molcel.2018.06.020

for Protein Sciences, Institute of Biophysics, and Chinese Academy of Sci-
ences. We are also indebted to the colleagues whose work could not be cited
due to the limitation of space.

AUTHOR CONTRIBUTIONS

P.C., W.L., M.L., and G.L. conceived the project, analyzed the data, and wrote
the manuscript. W.L. performed the single-molecule magnetic tweezer anal-
ysis. P.C. and L.D. performed the in vitro chromatin assembly, EM, and
biochemical analysis. M.H. and Z.Z. assisted in the preparation of DNA tem-
plate and proteins. Y.-Z.W. and X.X. assisted in preparation magnetic tweezer
analysis. J.Y., P.-Y.W.,, and D.R. helped to discuss the project.

DECLARATION OF INTERESTS

The authors declare no competing interests.

Received: January 23, 2018
Revised: May 1, 2018
Accepted: June 13, 2018
Published: July 19, 2018

REFERENCES

Alabert, C., and Groth, A. (2012). Chromatin replication and epigenome main-
tenance. Nat. Rev. Mol. Cell Biol. 713, 153-167.

Belotserkovskaya, R., Oh, S., Bondarenko, V.A., Orphanides, G., Studitsky,
V.M., and Reinberg, D. (2003). FACT facilitates transcription-dependent nucle-
osome alteration. Science 307, 1090-1093.

Bonne-Andrea, C., Wong, M.L., and Alberts, B.M. (1990). In vitro replication
through nucleosomes without histone displacement. Nature 343, 719-726.

Brewster, N.K., Johnston, G.C., and Singer, R.A. (2001). A bipartite yeast
SSRP1 analog comprised of Pob3 and Nhp6 proteins modulates transcription.
Mol. Cell. Biol. 271, 3491-3502.

Bustin, M., and Reeves, R. (1996). High-mobility-group chromosomal proteins:
Architectural components that facilitate chromatin function. Prog. Nucleic Acid
Res. Mol. Biol. 54, 35-100.

Chen, P., Zhao, J., Wang, Y., Wang, M., Long, H., Liang, D., Huang, L., Wen, Z.,
Li, W., Li, X., etal. (2013). H3.3 actively marks enhancers and primes gene tran-
scription via opening higher-ordered chromatin. Genes Dev. 27, 2109-2124.

Daldrop, P., Brutzer, H., Huhle, A., Kauert, D.J., and Seidel, R. (2015).
Extending the range for force calibration in magnetic tweezers. Biophys. J.
108, 2550-2561.

Dyer, P.N., Edayathumangalam, R.S., White, C.L., Bao, Y., Chakravarthy, S.,
Muthurajan, U.M., and Luger, K. (2004). Reconstitution of nucleosome core
particles from recombinant histones and DNA. Methods Enzymol. 375, 23-44.

Fleming, A.B., Kao, C.F., Hillyer, C., Pikaart, M., and Osley, M.A. (2008). H2B
ubiquitylation plays a role in nucleosome dynamics during transcription elon-
gation. Mol. Cell 37, 57-66.

Foltman, M., Evrin, C., De Piccoli, G., Jones, R.C., Edmondson, R.D., Katou,
Y., Nakato, R., Shirahige, K., and Labib, K. (2013). Eukaryotic replisome com-
ponents cooperate to process histones during chromosome replication. Cell
Rep. 3, 892-904.

Formosa, T. (2012). The role of FACT in making and breaking nucleosomes.
Biochim. Biophys. Acta 1819, 247-255.

Formosa, T., Ruone, S., Adams, M.D., Olsen, A.E., Eriksson, P., Yu, Y.,
Rhoades, A.R., Kaufman, P.D., and Stillman, D.J. (2002). Defects in SPT16
or POB3 (yFACT) in Saccharomyces cerevisiae cause dependence on the
Hir/Hpc pathway: Polymerase passage may degrade chromatin structure.
Genetics 162, 1557-1571.

Gosse, C., and Croquette, V. (2002). Magnetic tweezers: Micromanipulation
and force measurement at the molecular level. Biophys. J. 82, 3314-3329.
Gruss, C., Wu, J., Koller, T., and Sogo, J.M. (1993). Disruption of the nucleo-
somes at the replication fork. EMBO J. 12, 4533-4545.

292 Molecular Cell 71, 284-293, July 19, 2018

Hainer, S.J., Pruneski, J.A., Mitchell, R.D., Monteverde, R.M., and Martens,
J.A. (2011). Intergenic transcription causes repression by directing nucleo-
some assembly. Genes Dev. 25, 29-40.

Hall, M.A., Shundrovsky, A., Bai, L., Fulbright, R.M., Lis, J.T., and Wang, M.D.
(2009). High-resolution dynamic mapping of histone-DNA interactions in a
nucleosome. Nat. Struct. Mol. Biol. 16, 124-129.

Heo, K., Kim, H., Choi, S.H., Choi, J., Kim, K., Gu, J., Lieber, M.R., Yang, A.S.,
and An, W. (2008). FACT-mediated exchange of histone variant H2AX regu-
lated by phosphorylation of H2AX and ADP-ribosylation of Spt16. Mol. Cell
30, 86-97.

Ishimi, Y., Sugasawa, K., Hanaoka, F., and Kikuchi, A. (1991). Replication of
the simian virus 40 chromosome with purified proteins. J. Biol. Chem. 266,
16141-16148.

Jackson, V. (1990). In vivo studies on the dynamics of histone-DNA interaction:
Evidence for nucleosome dissolution during replication and transcription and a
low level of dissolution independent of both. Biochemistry 29, 719-731.

Jamai, A., Puglisi, A., and Strubin, M. (2009). Histone chaperone spt16 pro-
motes redeposition of the original h3-h4 histones evicted by elongating RNA
polymerase. Mol. Cell 35, 377-383.

Kaplan, C.D., Laprade, L., and Winston, F. (2003). Transcription elongation
factors repress transcription initiation from cryptic sites. Science 307,
1096-1099.

Kaufman, P.D., and Rando, O.J. (2010). Chromatin as a potential carrier of her-
itable information. Curr. Opin. Cell Biol. 22, 284-290.

Keller, D.M., and Lu, H. (2002). p53 serine 392 phosphorylation increases after
UV through induction of the assembly of the CK2.hSPT16.SSRP1 complex.
J. Biol. Chem. 277, 50206-50213.

Krude, T., and Knippers, R. (1991). Transfer of nucleosomes from parental to
replicated chromatin. Mol. Cell. Biol. 171, 6257-6267.

Kurat, C.F., Yeeles, J.T.P., Patel, H., Early, A., and Diffley, J.F.X. (2017).
Chromatin Controls DNA Replication Origin Selection, Lagging-Strand
Synthesis, and Replication Fork Rates. Mol. Cell 65, 117-130.

Lejeune, E., Bortfeld, M., White, S.A., Pidoux, A.L., Ekwall, K., Allshire, R.C.,
and Ladurner, A.G. (2007). The chromatin-remodeling factor FACT contributes
to centromeric heterochromatin independently of RNAi. Curr. Biol. 17,
1219-1224.

Li, G., Margueron, R., Hu, G., Stokes, D., Wang, Y.-H., and Reinberg, D. (2010).
Highly compacted chromatin formed in vitro reflects the dynamics of transcrip-
tion activation in vivo. Mol. Cell 38, 41-53.

Li, Q., Burgess, R., and Zhang, Z. (2012). All roads lead to chromatin: Multiple
pathways for histone deposition. Biochim. Biophys. Acta 71819, 238-246.

Li, W., Chen, P., Yu, J., Dong, L., Liang, D., Feng, J., Yan, J., Wang, P.Y., Li, Q.,
Zhang, Z., et al. (2016). FACT remodels the tetranucleosomal unit of chromatin
fibers for gene transcription. Mol. Cell 64, 120-133.

Luger, K., Mader, A.W., Richmond, R.K., Sargent, D.F., and Richmond, T.J.
(1997). Crystal structure of the nucleosome core particle at 2.8 A resolution.
Nature 389, 251-260.

Mason, P.B., and Struhl, K. (2003). The FACT complex travels with elongating
RNA polymerase Il and is important for the fidelity of transcriptional initiation
in vivo. Mol. Cell. Biol. 23, 8323-8333.

Meglio, A., Praly, E., Ding, F., Allemand, J.F., Bensimon, D., and Croquette, V.
(2009). Single DNA/protein studies with magnetic traps. Curr. Opin. Struct.
Biol. 719, 615-622.

Mihardja, S., Spakowitz, A.J., Zhang, Y., and Bustamante, C. (2006). Effect of
force on mononucleosomal dynamics. Proc. Natl. Acad. Sci. USA 103,
15871-15876.

Oohara, I., and Wada, A. (1987). Spectroscopic studies on histone-DNA inter-
actions. Il. Three transitions in nucleosomes resolved by salt-titration. J. Mol.
Biol. 7196, 399-411.

Orphanides, G., LeRoy, G., Chang, C.H., Luse, D.S., and Reinberg, D. (1998).
FACT, a factor that facilitates transcript elongation through nucleosomes. Cell
92, 105-116.


http://refhub.elsevier.com/S1097-2765(18)30465-9/sref1
http://refhub.elsevier.com/S1097-2765(18)30465-9/sref1
http://refhub.elsevier.com/S1097-2765(18)30465-9/sref2
http://refhub.elsevier.com/S1097-2765(18)30465-9/sref2
http://refhub.elsevier.com/S1097-2765(18)30465-9/sref2
http://refhub.elsevier.com/S1097-2765(18)30465-9/sref3
http://refhub.elsevier.com/S1097-2765(18)30465-9/sref3
http://refhub.elsevier.com/S1097-2765(18)30465-9/sref4
http://refhub.elsevier.com/S1097-2765(18)30465-9/sref4
http://refhub.elsevier.com/S1097-2765(18)30465-9/sref4
http://refhub.elsevier.com/S1097-2765(18)30465-9/sref5
http://refhub.elsevier.com/S1097-2765(18)30465-9/sref5
http://refhub.elsevier.com/S1097-2765(18)30465-9/sref5
http://refhub.elsevier.com/S1097-2765(18)30465-9/sref6
http://refhub.elsevier.com/S1097-2765(18)30465-9/sref6
http://refhub.elsevier.com/S1097-2765(18)30465-9/sref6
http://refhub.elsevier.com/S1097-2765(18)30465-9/sref7
http://refhub.elsevier.com/S1097-2765(18)30465-9/sref7
http://refhub.elsevier.com/S1097-2765(18)30465-9/sref7
http://refhub.elsevier.com/S1097-2765(18)30465-9/sref8
http://refhub.elsevier.com/S1097-2765(18)30465-9/sref8
http://refhub.elsevier.com/S1097-2765(18)30465-9/sref8
http://refhub.elsevier.com/S1097-2765(18)30465-9/sref9
http://refhub.elsevier.com/S1097-2765(18)30465-9/sref9
http://refhub.elsevier.com/S1097-2765(18)30465-9/sref9
http://refhub.elsevier.com/S1097-2765(18)30465-9/sref10
http://refhub.elsevier.com/S1097-2765(18)30465-9/sref10
http://refhub.elsevier.com/S1097-2765(18)30465-9/sref10
http://refhub.elsevier.com/S1097-2765(18)30465-9/sref10
http://refhub.elsevier.com/S1097-2765(18)30465-9/sref11
http://refhub.elsevier.com/S1097-2765(18)30465-9/sref11
http://refhub.elsevier.com/S1097-2765(18)30465-9/sref12
http://refhub.elsevier.com/S1097-2765(18)30465-9/sref12
http://refhub.elsevier.com/S1097-2765(18)30465-9/sref12
http://refhub.elsevier.com/S1097-2765(18)30465-9/sref12
http://refhub.elsevier.com/S1097-2765(18)30465-9/sref12
http://refhub.elsevier.com/S1097-2765(18)30465-9/sref13
http://refhub.elsevier.com/S1097-2765(18)30465-9/sref13
http://refhub.elsevier.com/S1097-2765(18)30465-9/sref14
http://refhub.elsevier.com/S1097-2765(18)30465-9/sref14
http://refhub.elsevier.com/S1097-2765(18)30465-9/sref15
http://refhub.elsevier.com/S1097-2765(18)30465-9/sref15
http://refhub.elsevier.com/S1097-2765(18)30465-9/sref15
http://refhub.elsevier.com/S1097-2765(18)30465-9/sref16
http://refhub.elsevier.com/S1097-2765(18)30465-9/sref16
http://refhub.elsevier.com/S1097-2765(18)30465-9/sref16
http://refhub.elsevier.com/S1097-2765(18)30465-9/sref17
http://refhub.elsevier.com/S1097-2765(18)30465-9/sref17
http://refhub.elsevier.com/S1097-2765(18)30465-9/sref17
http://refhub.elsevier.com/S1097-2765(18)30465-9/sref17
http://refhub.elsevier.com/S1097-2765(18)30465-9/sref18
http://refhub.elsevier.com/S1097-2765(18)30465-9/sref18
http://refhub.elsevier.com/S1097-2765(18)30465-9/sref18
http://refhub.elsevier.com/S1097-2765(18)30465-9/sref19
http://refhub.elsevier.com/S1097-2765(18)30465-9/sref19
http://refhub.elsevier.com/S1097-2765(18)30465-9/sref19
http://refhub.elsevier.com/S1097-2765(18)30465-9/sref20
http://refhub.elsevier.com/S1097-2765(18)30465-9/sref20
http://refhub.elsevier.com/S1097-2765(18)30465-9/sref20
http://refhub.elsevier.com/S1097-2765(18)30465-9/sref21
http://refhub.elsevier.com/S1097-2765(18)30465-9/sref21
http://refhub.elsevier.com/S1097-2765(18)30465-9/sref21
http://refhub.elsevier.com/S1097-2765(18)30465-9/sref22
http://refhub.elsevier.com/S1097-2765(18)30465-9/sref22
http://refhub.elsevier.com/S1097-2765(18)30465-9/sref23
http://refhub.elsevier.com/S1097-2765(18)30465-9/sref23
http://refhub.elsevier.com/S1097-2765(18)30465-9/sref23
http://refhub.elsevier.com/S1097-2765(18)30465-9/sref24
http://refhub.elsevier.com/S1097-2765(18)30465-9/sref24
http://refhub.elsevier.com/S1097-2765(18)30465-9/sref25
http://refhub.elsevier.com/S1097-2765(18)30465-9/sref25
http://refhub.elsevier.com/S1097-2765(18)30465-9/sref25
http://refhub.elsevier.com/S1097-2765(18)30465-9/sref26
http://refhub.elsevier.com/S1097-2765(18)30465-9/sref26
http://refhub.elsevier.com/S1097-2765(18)30465-9/sref26
http://refhub.elsevier.com/S1097-2765(18)30465-9/sref26
http://refhub.elsevier.com/S1097-2765(18)30465-9/sref27
http://refhub.elsevier.com/S1097-2765(18)30465-9/sref27
http://refhub.elsevier.com/S1097-2765(18)30465-9/sref27
http://refhub.elsevier.com/S1097-2765(18)30465-9/sref28
http://refhub.elsevier.com/S1097-2765(18)30465-9/sref28
http://refhub.elsevier.com/S1097-2765(18)30465-9/sref29
http://refhub.elsevier.com/S1097-2765(18)30465-9/sref29
http://refhub.elsevier.com/S1097-2765(18)30465-9/sref29
http://refhub.elsevier.com/S1097-2765(18)30465-9/sref30
http://refhub.elsevier.com/S1097-2765(18)30465-9/sref30
http://refhub.elsevier.com/S1097-2765(18)30465-9/sref30
http://refhub.elsevier.com/S1097-2765(18)30465-9/sref30
http://refhub.elsevier.com/S1097-2765(18)30465-9/sref31
http://refhub.elsevier.com/S1097-2765(18)30465-9/sref31
http://refhub.elsevier.com/S1097-2765(18)30465-9/sref31
http://refhub.elsevier.com/S1097-2765(18)30465-9/sref32
http://refhub.elsevier.com/S1097-2765(18)30465-9/sref32
http://refhub.elsevier.com/S1097-2765(18)30465-9/sref32
http://refhub.elsevier.com/S1097-2765(18)30465-9/sref33
http://refhub.elsevier.com/S1097-2765(18)30465-9/sref33
http://refhub.elsevier.com/S1097-2765(18)30465-9/sref33
http://refhub.elsevier.com/S1097-2765(18)30465-9/sref34
http://refhub.elsevier.com/S1097-2765(18)30465-9/sref34
http://refhub.elsevier.com/S1097-2765(18)30465-9/sref34
http://refhub.elsevier.com/S1097-2765(18)30465-9/sref35
http://refhub.elsevier.com/S1097-2765(18)30465-9/sref35
http://refhub.elsevier.com/S1097-2765(18)30465-9/sref35

Orphanides, G., Wu, W.H., Lane, W.S., Hampsey, M., and Reinberg, D. (1999).
The chromatin-specific transcription elongation factor FACT comprises hu-
man SPT16 and SSRP1 proteins. Nature 400, 284-288.

Pavri, R., Zhu, B., Li, G., Trojer, P., Mandal, S., Shilatifard, A., and Reinberg, D.
(2006). Histone H2B monoubiquitination functions cooperatively with FACT to
regulate elongation by RNA polymerase Il. Cell 125, 703-717.

Prendergast, L., Muller, S., Liu, Y., Huang, H., Dingli, F., Loew, D., Vassias, I.,
Patel, D.J., Sullivan, K.F., and Almouzni, G. (2016). The CENP-T/-W complex is
a binding partner of the histone chaperone FACT. Genes Dev. 30, 1313-1326.
Randall, S.K., and Kelly, T.J. (1992). The fate of parental nucleosomes during
SV40 DNA replication. J. Biol. Chem. 267, 14259-14265.

Reinberg, D., and Sims, R.J., 3rd (2006). de FACTo nucleosome dynamics.
J. Biol. Chem. 281, 23297-23301.

Smith, S.B., Finzi, L., and Bustamante, C. (1992). Direct mechanical measure-
ments of the elasticity of single DNA molecules by using magnetic beads.
Science 258, 1122-1126.

Song, F., Chen, P., Sun, D., Wang, M., Dong, L., Liang, D., Xu, R.M., Zhu, P.,
and Li, G. (2014). Cryo-EM study of the chromatin fiber reveals a double helix
twisted by tetranucleosomal units. Science 344, 376-380.

Stillman, D.J. (2010). Nhp6: A small but powerful effector of chromatin struc-
ture in Saccharomyces cerevisiae. Biochim. Biophys. Acta 71799, 175-180.
Stuwe, T., Hothorn, M., Lejeune, E., Rybin, V., Bortfeld, M., Scheffzek, K., and
Ladurner, A.G. (2008). The FACT Spt16 “peptidase” domain is a histone
H3-H4 binding module. Proc. Natl. Acad. Sci. USA 105, 8884-8889.
Sugasawa, K., Ishimi, Y., Eki, T., Hurwitz, J., Kikuchi, A., and Hanaoka, F.
(1992). Nonconservative segregation of parental nucleosomes during simian
virus 40 chromosome replication in vitro. Proc. Natl. Acad. Sci. USA 89,
1055-1059.

Tan, B.C., Chien, C.T., Hirose, S., and Lee, S.C. (2006). Functional cooperation
between FACT and MCM helicase facilitates initiation of chromatin DNA repli-
cation. EMBO J. 25, 3975-3985.

Tsunaka, Y., Fujiwara, Y., Oyama, T., Hirose, S., and Morikawa, K. (2016).
Integrated molecular mechanism directing nucleosome reorganization by hu-
man FACT. Genes Dev. 30, 673-686.

Valieva, M.E., Gerasimova, N.S., Kudryashova, K.S., Kozlova, A.L,
Kirpichnikov, M.P., Hu, Q., Botuyan, M.V., Mer, G., Feofanov, A.V., and
Studitsky, V.M. (2017). Stabilization of Nucleosomes by Histone Tails and by
FACT Revealed by spFRET Microscopy. Cancers (Basel) 9, 3.

van Loenhout, M.T., Kerssemakers, J.W., De Vlaminck, |., and Dekker, C.
(2012). Non-bias-limited tracking of spherical particles, enabling nanometer
resolution at low magnification. Biophys. J. 102, 2362-2371.

VanDemark, A.P., Blanksma, M., Ferris, E., Heroux, A., Hill, C.P., and Formosa,
T. (2006). The structure of the yFACT Pob3-M domain, its interaction with the
DNA replication factor RPA, and a potential role in nucleosome deposition.
Mol. Cell 22, 363-374.

Winkler, D.D., Muthurajan, U.M., Hieb, A.R., and Luger, K. (2011). Histone
chaperone FACT coordinates nucleosome interaction through multiple syner-
gistic binding events. J. Biol. Chem. 286, 41883-41892.

Wittmeyer, J., and Formosa, T. (1997). The Saccharomyces cerevisiae DNA
polymerase alpha catalytic subunit interacts with Cdc68/Spt16 and with
Pob3, a protein similar to an HMG1-like protein. Mol. Cell. Biol. 17, 4178-4190.

Wittmeyer, J., Joss, L., and Formosa, T. (1999). Spt16 and Pob3 of
Saccharomyces cerevisiae form an essential, abundant heterodimer that is nu-
clear, chromatin-associated, and copurifies with DNA polymerase alpha.
Biochemistry 38, 8961-8971.

Xin, H., Takahata, S., Blanksma, M., McCullough, L., Stillman, D.J., and
Formosa, T. (2009). yFACT induces global accessibility of nucleosomal DNA
without H2A-H2B displacement. Mol. Cell 35, 365-376.

Yan, J., Skoko, D., and Marko, J.F. (2004). Near-field-magnetic-tweezer
manipulation of single DNA molecules. Phys. Rev. E Stat. Nonlin. Soft Matter
Phys. 70, 011905.

Yang, J., Zhang, X., Feng, J., Leng, H., Li, S., Xiao, J., Liu, S., Xu, Z., Xu, J., Li,
D., et al. (2016). The histone chaperone FACT contributes to DNA replication-
coupled nucleosome assembly. Cell Rep. 74, 1128-1141.

Yarnell, A.T., Oh, S., Reinberg, D., and Lippard, S.J. (2001). Interaction of
FACT, SSRP1, and the high mobility group (HMG) domain of SSRP1 with
DNA damaged by the anticancer drug cisplatin. J. Biol. Chem. 276,
25736-25741.

Zhang, W., Zeng, F., Liu, Y., Shao, C., Li, S., Lv, H., Shi, Y., Niu, L., Teng, M.,
and Li, X. (2015). Crystal structure of human SSRP1 middle domain reveals a
role in DNA binding. Sci. Rep. 5, 18688.

Zhou, W., Zhu, P., Wang, J., Pascual, G., Ohgi, K.A., Lozach, J., Glass, C.K.,
and Rosenfeld, M.G. (2008). Histone H2A monoubiquitination represses tran-
scription by inhibiting RNA polymerase Il transcriptional elongation. Mol. Cell
29, 69-80.

Molecular Cell 77, 284-293, July 19, 2018 293


http://refhub.elsevier.com/S1097-2765(18)30465-9/sref36
http://refhub.elsevier.com/S1097-2765(18)30465-9/sref36
http://refhub.elsevier.com/S1097-2765(18)30465-9/sref36
http://refhub.elsevier.com/S1097-2765(18)30465-9/sref37
http://refhub.elsevier.com/S1097-2765(18)30465-9/sref37
http://refhub.elsevier.com/S1097-2765(18)30465-9/sref37
http://refhub.elsevier.com/S1097-2765(18)30465-9/sref38
http://refhub.elsevier.com/S1097-2765(18)30465-9/sref38
http://refhub.elsevier.com/S1097-2765(18)30465-9/sref38
http://refhub.elsevier.com/S1097-2765(18)30465-9/sref38
http://refhub.elsevier.com/S1097-2765(18)30465-9/sref39
http://refhub.elsevier.com/S1097-2765(18)30465-9/sref39
http://refhub.elsevier.com/S1097-2765(18)30465-9/sref40
http://refhub.elsevier.com/S1097-2765(18)30465-9/sref40
http://refhub.elsevier.com/S1097-2765(18)30465-9/sref41
http://refhub.elsevier.com/S1097-2765(18)30465-9/sref41
http://refhub.elsevier.com/S1097-2765(18)30465-9/sref41
http://refhub.elsevier.com/S1097-2765(18)30465-9/sref42
http://refhub.elsevier.com/S1097-2765(18)30465-9/sref42
http://refhub.elsevier.com/S1097-2765(18)30465-9/sref42
http://refhub.elsevier.com/S1097-2765(18)30465-9/sref43
http://refhub.elsevier.com/S1097-2765(18)30465-9/sref43
http://refhub.elsevier.com/S1097-2765(18)30465-9/sref44
http://refhub.elsevier.com/S1097-2765(18)30465-9/sref44
http://refhub.elsevier.com/S1097-2765(18)30465-9/sref44
http://refhub.elsevier.com/S1097-2765(18)30465-9/sref44
http://refhub.elsevier.com/S1097-2765(18)30465-9/sref44
http://refhub.elsevier.com/S1097-2765(18)30465-9/sref45
http://refhub.elsevier.com/S1097-2765(18)30465-9/sref45
http://refhub.elsevier.com/S1097-2765(18)30465-9/sref45
http://refhub.elsevier.com/S1097-2765(18)30465-9/sref45
http://refhub.elsevier.com/S1097-2765(18)30465-9/sref46
http://refhub.elsevier.com/S1097-2765(18)30465-9/sref46
http://refhub.elsevier.com/S1097-2765(18)30465-9/sref46
http://refhub.elsevier.com/S1097-2765(18)30465-9/sref47
http://refhub.elsevier.com/S1097-2765(18)30465-9/sref47
http://refhub.elsevier.com/S1097-2765(18)30465-9/sref47
http://refhub.elsevier.com/S1097-2765(18)30465-9/sref48
http://refhub.elsevier.com/S1097-2765(18)30465-9/sref48
http://refhub.elsevier.com/S1097-2765(18)30465-9/sref48
http://refhub.elsevier.com/S1097-2765(18)30465-9/sref48
http://refhub.elsevier.com/S1097-2765(18)30465-9/sref49
http://refhub.elsevier.com/S1097-2765(18)30465-9/sref49
http://refhub.elsevier.com/S1097-2765(18)30465-9/sref49
http://refhub.elsevier.com/S1097-2765(18)30465-9/sref50
http://refhub.elsevier.com/S1097-2765(18)30465-9/sref50
http://refhub.elsevier.com/S1097-2765(18)30465-9/sref50
http://refhub.elsevier.com/S1097-2765(18)30465-9/sref50
http://refhub.elsevier.com/S1097-2765(18)30465-9/sref51
http://refhub.elsevier.com/S1097-2765(18)30465-9/sref51
http://refhub.elsevier.com/S1097-2765(18)30465-9/sref51
http://refhub.elsevier.com/S1097-2765(18)30465-9/sref52
http://refhub.elsevier.com/S1097-2765(18)30465-9/sref52
http://refhub.elsevier.com/S1097-2765(18)30465-9/sref52
http://refhub.elsevier.com/S1097-2765(18)30465-9/sref53
http://refhub.elsevier.com/S1097-2765(18)30465-9/sref53
http://refhub.elsevier.com/S1097-2765(18)30465-9/sref53
http://refhub.elsevier.com/S1097-2765(18)30465-9/sref53
http://refhub.elsevier.com/S1097-2765(18)30465-9/sref54
http://refhub.elsevier.com/S1097-2765(18)30465-9/sref54
http://refhub.elsevier.com/S1097-2765(18)30465-9/sref54
http://refhub.elsevier.com/S1097-2765(18)30465-9/sref55
http://refhub.elsevier.com/S1097-2765(18)30465-9/sref55
http://refhub.elsevier.com/S1097-2765(18)30465-9/sref55
http://refhub.elsevier.com/S1097-2765(18)30465-9/sref56
http://refhub.elsevier.com/S1097-2765(18)30465-9/sref56
http://refhub.elsevier.com/S1097-2765(18)30465-9/sref56
http://refhub.elsevier.com/S1097-2765(18)30465-9/sref57
http://refhub.elsevier.com/S1097-2765(18)30465-9/sref57
http://refhub.elsevier.com/S1097-2765(18)30465-9/sref57
http://refhub.elsevier.com/S1097-2765(18)30465-9/sref57
http://refhub.elsevier.com/S1097-2765(18)30465-9/sref58
http://refhub.elsevier.com/S1097-2765(18)30465-9/sref58
http://refhub.elsevier.com/S1097-2765(18)30465-9/sref58
http://refhub.elsevier.com/S1097-2765(18)30465-9/sref59
http://refhub.elsevier.com/S1097-2765(18)30465-9/sref59
http://refhub.elsevier.com/S1097-2765(18)30465-9/sref59
http://refhub.elsevier.com/S1097-2765(18)30465-9/sref59

Cell’ress

STARXMETHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER
Bacterial and Virus Strains
DH10Bac Competent Cell Biomed BC112
SPT16 Baculovirus Belotserkovskaya N/A

et al., 2003
SSRP1 Baculovirus Belotserkovskaya N/A

et al., 2003
SSRP1AHMG Baculovirus This paper N/A
Chemicals, Peptides, and Recombinant Proteins
T4 DNA ligase NEB M0202L
Spel-HF NEB R3133
Xhol NEB RO146
Phusion High-Fidelity DNA Polymerases NEB MO0530L
2 x Taq Master Mix (Dye) CWBIO CW0682
Glutaraldehyde Sigma-Aldrich G5882
FLAG Peptide Sigma-Aldrich F3290
sf-900 Il SFM GIBCO 10902-088
fetal bovine serum ExCell Bio FSS500
Penicillin/Streptomycin HyClone SVv30010
Cellfectin Il reagent Invitrogen P/N58760
Critical Commercial Assays
SanPrep Column Plasmid Mini-Preps Kit Sangon Biotech B518191
SanPrep Column PCR Product Purification Kit Sangon Biotech B518141
SanPrep Column DNA Gel Extraction Kit Sangon Biotech B518131
anti-Flag M2-agarose Sigma-Aldrich A2220
Ni Sepharose™ 6 Fast Flow GE Healthcare 17-5318-02
Superdex 200 10/300 GL GE Healthcare 17-5175-01

Deposited Data

Raw Imaging Files

This study,
Mendeley Data

https://doi.org/10.17632/9tc87th633.1

Experimental Models: Cell Lines

Sf9 Cell ATCC CRL-1711
Oligonucleotides
409 DNA F primer: GGAAACAGCTATGACCATG (5' biotin) Sangon Biotech N/A
409 DNA R primer: GTAAAACGACGGCCAGTGAGCG(5’ digoxin) Sangon Biotech N/A
SSRP1AHMG F primer: GGACTAGTATGCCGCGGGGTTCTCATC Sangon Biotech N/A
SSRP1AHMG R primer: CCGCTCGAGTTACACCTCCACAGGCTTC Sangon Biotech N/A
Recombinant DNA
pVL1392-SSRP1 Belotserkovskaya N/A

et al., 2003
pFastBac1 baculovirus transfer vector Invitrogen 100360014
pFastBac1-SSRP1AHMG This paper N/A
Software and Algorithms
Gel-Pro Analyzer software Media Cybernetics N/A
Other
Gel DocTM EZ Imager system Bio-Rad N/A

el Molecular Cell 71, 284-293.e1-e4, July 19, 2018


https://doi.org/10.17632/9tc87th633.1

CONTACT FOR REGENT AND RESOURCE SHARING
Further information and requests for reagents should be directed to Lead Contact Guohong Li (liguohong@ibp.ac.cn).
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell culture and transfection

Sf9 cells were cultured in sf-900 Il SFM (GIBCO) supplemented with 2% fetal bovine serum (FBS, ExCell Bio), 1% Penicillin/Strep-
tomycin (HyClone) at 27°C. Hise-SSRP1AHMG (1-538 aa) was subcloned into pFastBac1 baculovirus transfer vector (Invitrogen) at
the Spel and Xhol sites and transformed into DH10Bac cells (Biomed) to generate recombinant bacmid. Purified bacmid was trans-
fected into Sf9 cells using Cellfectin Il reagent (Invitrogen) and the resulting baculovirus was amplified to P4.

METHOD DETAILS

Protein purification

Recombinant histones and FACT complexes were cloned and purified as previously described (Belotserkovskaya et al., 2003; Li
et al., 2010). The baculovirus-driven expression of Flag-SPT16, Hiss-SSRP1 and Hisg-SSRP1AHMG follows the protocols presented
previously (Belotserkovskaya et al., 2003; Li et al., 2010). Sf9 cells (1.5-2 x 10%/ml) were infected with baculovirus containing Flag-
SPT16, or Hisg-SSRP1, or Hisg-SSRP1AHMG and incubated at 27°C for 72 hr. SPT16 and SSRP1 were co-expressed for FACT com-
plex. The infected cells were collected by centrifugation, washed with ice-cold PBS, and lysed in Flag-150 buffer (150mM NaCl,
20mM Tris-HCI, pH 8.0, 0.05% NP-40, 10% glycerol, 1imM PMSF). The recombinant FACT complex and SPT16 were purified in
two steps. First, the cell extracts were incubated with anti-Flag M2-agarose (Sigma) for 4 hr at 4°C, with the resin washed by
Flag-150 buffer. Bound proteins were eluted in the presence of 0.5mg/ml Flag peptide (Sigma). Second, the proteins were further
purified by a Superdex 200 10/300 GL size exclusion column (GE Healthcare). For the purification of SSRP1 and SSRP1AHMG,
the cell extracts were incubated with Ni-NTA agarose (GE Healthcare) for 4 hr at 4°C. The resins were washed with buffer containing
20mM imidazole, and the bound proteins were eluted with 200mM imidazole. The fractions containing FACT complex or subunits
were dialyzed against BC-100 buffer (100mM NaCl, 10mM Tris-HCI, pH 8.0, 0.5mM EDTA, 20% glycerol, ImM DTT, 1mM PMSF)
and stored at —80°C.

Nucleosome reconstitution

For magnetic tweezers’ investigation, a 409 bp DNA template containing a single 601 sequence (Figure S1A, top panel) was prepared
by PCR from plasmid using a biotin (bio)-labeled forward primer and a digoxigenin (dig)-labeled reverse primer. Respective histone
octamers, H3/H4 tetramers and H2A/H2B dimers were reconstituted as previously described (Dyer et al., 2004). Equimolar amounts
of individual histones in unfolding buffer (7M guanidinium HCI, 20mM Tris-HCI, pH 7.5, 10mM DTT) were dialyzed into refolding buffer
(2M NaCl, 10mM Tris-HCI, pH 7.5, 1mM EDTA, 5mM 2-mercaptoethanol), and purified through a Superdex S200 column. Chromatin
samples were assembled using the salt-dialysis method as previously described (Song et al., 2014). The reconstitution
reaction mixture with histone octamers/tetramers and 601 based DNA templates in TEN buffers (10mM Tris-HCI, pH 8.0, 1mM
EDTA, 2M NaCl) were dialyzed for 16 hr at 4°C in TEN buffer, which was continuously diluted by slowly pumping in TE buffer
(10mM Tris-HCI, pH 8.0, 1mM EDTA) to a lower concentration of NaCl from 2 M to 0.6 M. All the nucleosomes used in the paper
were assembled with linker histone H1 added. An equal molar amount of histone H1 (relative to mono-nucleosome) was then added
and dialyzed in TE buffer with 0.6 M NaCl for 3 hr. Samples were collected after final dialysis in measurement HE buffer (10 mM
HEPES, pH 8.0, 1 mM EDTA) for 4 hr. The stoichiometry of histone octamer/tetramer binding to the DNA template was determined
by EM and gel shift analysis (Song et al., 2014).

Electron microscopy analysis

Metal shadowing with tungsten for EM study were performed as described previously (Chen et al., 2013). Reconstituted nucleosome
or tetrasome samples were prepared using DNA concentrations of 20 pg/mL in HE buffer. The samples were fixed with 0.4% glutar-
aldehyde (Sigma) in the same buffer on ice for 30 min. 2 mM spermidine was added into the sample solution to enhance the absorp-
tion of chromatin to the grid. Samples were applied to glow-discharged carbon-coated EM grids and incubated for 2 min and then
blotted. Grids were washed stepwise in 20 mL baths of 0%, 25%, 50%, 75%, and 100% ethanol solution for 4 min, each at room
temperature, air-dried and then shadowed with tungsten at an angle of 10° with rotation. Samples were examined using a FEI Tecnai
G2 Spirit 120 kV transmission electron microscope.

Histone deposition assays

Tetrasomes and nucleosomes for histone deposition assays were reconstituted on 187 bp 601 DNA fragments using the salt-dialysis
method as described above. Different molar ratios of FACT complexes were titrated and first incubated with H2A/H2B dimer at 4°C
for 30 min, and then mixed with the constant reconstituted tetrasomes in reaction buffer (10 mM HEPES, pH 8.0, 1 mM EDTA,
60 mM NaCl). The samples were incubated at 30°C for 1 hr prior to electrophoresis on 1.5% agarose gels in 1 x TAE buffer
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(40 mM Tris, pH 8.0, 40 mM acetic acid, 1 mM EDTA,) for 1.5 hr at 80 V. The gels stained with ethidium bromide were scanned by a Gel
Doc™ EZ Imager system (Bio-Rad), with the band intensities quantified by Gel-Pro Analyzer software (Media Cybernetics).

DNA binding assay

0.1 ng 187 bp 601 DNA fragments were incubated with increasing concentrations of FACT proteins in DNA binding buffer
(20 mM Tris, pH 7.5,75 mM NaCl,1 mM EDTA,15% glycerol) at 25°C for 1 hr. The reaction products were separated by 5% native
PAGE electrophoresis in 0.25 x TBE buffer (22.5 mM Tris, pH 8.0, 22.5 mM boric acid, 0.5 mM EDTA) for 1.5 hr at 80V. The gels
were stained with ethidium bromide and scanned on a Gel Doc™ EZ Imager system (Bio-Rad). The DNA intensity of each band
was quantified with Gel-Pro Analyzer software (Media Cybernetics) and used to calculate the percentage of unbound DNA.

Single-molecule magnetic tweezers analysis

The basic principle of magnetic tweezers was described as previous studies (Gosse and Croquette, 2002; Meglio et al., 2009). The
experimental setup of our home-made single-molecule magnetic tweezers includes five major parts as shown in Figure S1B (not to
scale): (1) LED lighting source (625nm, red, Thorlabs); (2) two small NdFeB magnets with a distance of 0.5 mm; (3) the flow cell formed
with a 130-pm-thick double-sided tape (cut with a channel (5 x 50 mm?)) sandwiched between a functioned coverslip (24 x 60 mm,
0.13 mm, CITOGLAS, China) and a Mylar film; (4) 60 x oil immersion objective (UPLSAPO60XO, NA 1.35, Olympus) ; (5) 1280 x 1024
CCD (MC1362, Mikrotron).

To anchor the nucleosome sample, the surface of coverslip needs to functionalize. The coverslips were cleaned in the plasma
cleaner for 60 s. The polystyrene beads (1 um, QDSpher) were pipetted on the coverslip and put on a hot plate at 90°C for 20 s to
melt on the coverslip. These firmly bound beads served as reference beads for drift correction. Then, the coverslip was coated
with collodion treated with 70% collodion for 15 mins. To coat the coverslip with anti-digoxigenin, the flow cell was incubated
with 100 pL anti-digoxigenin (0.1mg/ml) at 37°C for 2 hr. To avoid the non-specific bond between samples and the coverslip, the
flow cell was incubated in passivation buffer (10 mg/ml BSA, 1 mM EDTA, 10 mM phosphate buffer, pH 7.4, 10 mg/ml Pluronic
F127 surfactant (Sigma-Aldrich), 3 mM NaNj3) overnight at 37°C. The flow cell was ready for measurement.

The nucleosome sample was anchored to a super-paramagnetic bead and the coverslip in the flow cell in two steps. First, the
nucleosome and beads (M280 Invitrogen Norway) were mixed on Hula Mixer (ThermoFisher) at 1 turns/min for 15 mins. Thus, the
bio-labeled end of nucleosomal DNA was anchored to the streptavidin-coated beads via the biochemical reactions between biotin
and streptavidin (Smith et al., 1992). Then, we injected the mixture into the flow cell and incubated for 15 mins to anchor the nucle-
osome sample to the surface of coverslip. The other dig-labeled end of the nucleosomal DNA was bound to the anti-digoxigenin-
coated coverslip via the bonds between digoxigenin and anti-digoxigenin. The nucleosome samples were tethered between the
beads and coverslip as shown in Figure S1B.

The applied tensions on the super paramagnetic beads arise from the strong magnetic field gradient of the two magnets. The ten-
sions are tuned by adjusting the magnets position in z direction. Based on the geometry of a pendulum, the stretching force on the
nucleosome in z direction was calculated as F = kgTl/ < 6x > 2 according to the equipartition theorem, where / is the extension of DNA
and 6x is the fluctuation of the bead in x direction (Gosse and Croquette, 2002; Yan et al., 2004). In LabView software, the improved
force calibration based on the power-spectral-density (PSD) analysis by considering both the translational and the rotational motions
of the beads is achieved (Daldrop et al., 2015). To ensure the single nucleosomes are tethered between beads and coverslip, the
magnets were rotated for 50 turns before the real measurements. The beads with more than one sample anchored between the
beads and coverslip will decrease to the surface of the coverslip. Those beads with single nucleosome tether rotate freely and
are chosen for measurements.

The bead image was projected onto the CCD camera through the microscope objective. The real-time position (x, y, z) of the bead
at various forces was recorded by comparing the diffraction pattern of the bead with calibration images at various distances from the
focal point of the objective. In our LabView software, the quadrant-interpolation (Ql) algorithm were applied to trace the three-dimen-
sional position of the beads in the flow cell (van Loenhout et al., 2012). The QI algorithm enables highly parallel single molecule ex-
periments and reduces the pixel bias. In our measurements, we can trace about 40 samples simultaneously (as shown in Figure S1B).
These parallel measurements help us to trace the dynamics of folding and unfolding at high-throughput level. We can perform the
effective statistic based on the abounding measurements of the different samples. All measurements were carried out at 25°C. In
the repeated stretching cycle, the nucleosome was unfolded by increasing force up to 20 pN at the loading rate of 0.1 pN/s, the dy-
namic unfolding of the nucleosome was recorded. After that, force was reduced to 0 pN rapidly and waited for 5 mins, and then
repeated the stretching cycle on the same nucleosome sample.

Force-extension measurement of mono-nucleosomes

To trace the conformation transition of nucleosome, the force-extension curve was measured (Figure 1B). To reveal the detail of the
structural transition, we tuned the magnets position in z direction by moving the magnets at 2 um/s continuously and the correspond-
ing force on the nucleosome changed from ~0.5 pN to ~20.0 pN. More than 100 measurements were carried out for nucleosomes
with linker histone H1. To calibrate the force in the force-extension measurement, the force calculation for a 1-um DNA tethered be-
tween the bead (M280) and the coverslip was carried out. At each magnet position, the x position of the bead was recorded in 5 mi-
nutes and the corresponding force was calibrated by power-spectral-density (PSD) analysis. We repeated force measurements for
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10independent DNA tethers. The relationship between force and magnet position can be fitted well with a single exponential function
(Gosse and Croquette, 2002). Forces in force-extension measurements of nucleosomes were derived from the fitted exponential
function with magnets positions.

Force-jump measurement of mono-nucleosome with FACT

To check the effect of large force on the interaction between FACT and nucleosome, we performed the force-jump experiments. We
anchored the nucleosome samples into the flow cell and injected 100 uL FACT (40 nM) into the flow cell and incubated for 15 min. At
the beginning, we exerted 1.9 pN for 2 min and then 12.0 pN for 1 min. We repeated the measurement for three times (Figure S1G,
left). After the fore-jump measurement, we carried out the force-extension measurement for the same sample (Figure S1G, left). The
force-extension measurement revealed that the high force did not affect the interaction between FACT and nucleosome. To further
confirm these results, we performed the force-jump experiments at a larger force and for a longer time. We exerted 20 pN in the force-
jump measurements and hold for 5 min (Figure S1G, right). The force-extension measurement revealed that the larger force did not
affect the interaction between FACT and nucleosome (Figure S1G, right). These results indicate that the tension exerted on nucle-
osomal DNA does not affect the interaction between FACT and nucleosome and the mechanism of FACT regulating nucleosome
structure.

QUANTIFICATION AND STATISTICAL ANALYSIS

The dissociation constant K4 measured by single-molecule magnetic tweezers
We performed the Ky measurement for FACT-related proteins binding to the 409 bp nucleosome by single-molecule magnetic
tweezers.

In the case: nucleosome + FACT =complex, the value Kd is defined as:

K [nucleosome][FACT] [nucleoosme]
d = =

— [FACT] — Nnucleosome [FACT]

[complex] [complex] Neompiex

In the flow cell of magnetic tweezers, the number of FACT anchored to nucleosome on the surface of coverslip is much lower than the
number of FACT in the flow cell. We can ignore the change of concentration of FACT in the flow cell caused by nucleosome binding.
The K, value can be obtained by calculate the ratio of the number of nucleosome alone and the number of complex at a certain con-
centration of FACT. The force-extension measurement has revealed that the outer wrap of nucleosome with linker histone H1 is dis-
rupted at tension around 10 pN in the absence of FACT, and at tension around 6 pN in the presence of FACT (Figure 1B). If we exert 8
pN on the nucleosome sample, nucleosome without FACT will not be disrupted and nucleosome with FACT will be disrupted (Fig-
ure S4A). The different information of extensions of nucleosome at 8 pN can help us to distinguish whether FACT binds to nucleo-
some. For the precise measurement, we performed the extension measurement for hundreds of independent nucleosome samples
and counted the number of nucleosome alone (Njucieosome) @nd the number of complex (Neomprex) at 40 nM FACT concentration. The
calculated K, between FACT and nucleosome is 16.2 + 6.3 nM (mean + SE, N = 507). We performed the similar measurements of the
Ky values for SPT16, SSRP1 and SSRP1AHMG respectively. The calculated K, between SPT16 and nucleosome is 62.4 + 15.9 nM
(mean £ SE, N =613), Ky between SSRP1 and nucleosome 44.8 + 7.7 nM (mean + SE, N = 521) and K between SSRP1AHMG 432.3 +
158.1 nM (mean + SE, N = 637).

DATA AND SOFTWARE AVAILABILITY

Raw image files are deposited on Mendeley Data (https://doi.org/10.17632/9tc87th633.1).
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