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ABSTRACT

Chromosome replication depends on efficient re-
moval of nucleosomes by accessory factors to en-
sure rapid access to genomic information. Here, we
show this process requires recruitment of the nucle-
osome reorganization activity of the histone chaper-
one FACT. Using single-molecule FRET, we demon-
strate that reorganization of nucleosomal DNA by
FACT requires coordinated engagement by the mid-
dle and C-terminal domains of Spt16 and Pob3 but
does not require the N-terminus of Spt16. Using
structure-guided pulldowns, we demonstrate instead
that the N-terminal region is critical for recruitment
by the fork protection complex subunit Tof1. Using
in vitro chromatin replication assays, we confirm the
importance of these interactions for robust replica-
tion. Our findings support a mechanism in which nu-
cleosomes are removed through the coordinated en-
gagement of multiple FACT domains positioned at
the replication fork by the fork protection complex.

INTRODUCTION

Balancing the competing demands of storage versus trans-
mission of genetic information is a fundamental challenge
faced by all cellular organisms. Chromosomes must be
folded and compacted in an orderly fashion to fit inside cells
but retain dynamic flexibility to allow for rapid information
access. To meet these challenges, eukaryotes organize their
chromosomes using fundamental units, known as nucleo-
somes, consisting of about 147 bp of DNA tightly wrapped
around histone octamers (1,2). These intricate structures
enforce region specific regulatory programs and compact
DNA. They also allow for rapid disassembly and reassem-

bly during vital cellular processes (3). To facilitate diverse
transformations, cells employ an array of histone chaper-
ones and remodelers. No clear consensus has emerged for
how these factors are regulated during DNA replication and
to what extent they become integral members of replication
complexes or remain passing collaborators.

The facilitates chromatin transactions (FACT) complex
is an essential and highly conserved histone chaperone that
plays important roles in DNA transcription, replication and
repair (4–7). Due to a unique modular organization of hi-
stone interacting motifs, FACT can facilitate both nucleo-
some assembly and disassembly depending on the context
(8). FACT found in yeast (yFACT) consists of a heterodimer
of Spt16 and Pob3, supported by an HMGB-like, DNA-
binding protein Nhp6 (9,10). This arrangement is distinct
among eukaryotes, most lack Nhp6 and instead have an
HMGB-fused to Pob3 to form SSRP1 (9,11,12). Spt16 and
Pob3 dimerize through their middle domains (13,14), which
recognize H3/H4 (15) and anchor FACT to nucleosomes
(15,16). The extended C-terminal tails of Spt16 and Pob3
both contain histone recognition motifs, the minimal bind-
ing domains (MBD), that allow for two H2A/H2B dimers
to be bound simultaneously (17). The dynamic conforma-
tional rearrangements that ensure these flexibly tethered el-
ements coordinate their engagement to either facilitate as-
sembly or promote disassembly of nucleosomes have not
been established.

Genome duplication is performed by large protein com-
plexes, known as replisomes, that couple the disassembly
and unwinding of parental chromosomes with the synthe-
sis and repackaging of daughter chromosomes. In eukary-
otes, the CMG (Cdc45, Mcm2-7, GINS) helicase lies at the
center of this process serving as the hub for replisome as-
sembly. CMG unwinds parental double-stranded (ds)DNA
and guides the separated strands to distinct polymerases
on the leading and lagging strands (18), where they serve
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as templates for synthesis of new daughter stands. As the
engine of unwinding, the CMG is positioned to make first
contact with parental nucleosomes that must be disassem-
bled. Several other important protein complexes assemble
with the CMG and could be involved directly or indirectly
in processing of parental nucleosomes. Among them is the
fork protection complex (Csm3-Tof1-Mrc1), which modu-
lates replisome speed (19,20). Polymerase (Pol) � has a spe-
cific H2A/H2B histone-binding motif (21) and it can di-
rectly bind to H3/H4 tetramers (22), while Pol ε was shown
to have an intrinsic H3/H4 chaperone activity and facili-
tate replication-coupled nucleosome assembly (23,24). In-
terestingly, an H3/H4 interacting motif in the terminus of
MCM2 has been reported and structurally characterized in
complex with H3/H4 and the histone chaperone Asf1, but a
direct role in chromatin replication has not been established
(25–27). Further, together with Ctf4 and Pol �, MCM2 was
shown to participate in parental (H3-H4)2 tetramer han-
dover to the lagging-strand DNA (28,29).

Two studies have reported reconstitutions of chromatin
replication in vitro using components purified from yeast
that allows for controlled exploration of the minimal sets
of required factors. Kurat et al. (30) demonstrated that
FACT was sufficient for chromatin replication, whereas
Devbhandari et al. (31) discovered that the nucleosome-
array-forming factors Isw1a and Nap1 allowed for chro-
matin replication. These divergent findings are reflective of
the overlapping functions of many histone chaperones and
remodelers. The well-established role of FACT in remov-
ing and repopulating nucleosomes during transcription is
highly analogous to the demands during replication (32–
35). Together with the observation that FACT travels with
the replication fork progression complex (36,37), these find-
ings suggest it may be the more essential factor in chromatin
replication, but how it integrates with the replisome has re-
mained unclear.

Extensive biochemical and biophysical characterization
has demonstrated that FACT restructures nucleosomes
(38,39), but the importance of this activity in the con-
text of chromatin replication has not been established.
Similarly, whether a minimal region exists within FACT
that is sufficient to facilitate chromatin replication has
not been explored. A complex network of static and dy-
namic interactions coordinate histone removal and depo-
sition during replication (29,40). The limited spatial and
temporal resolution of traditional approaches has posed
challenges for studying these dynamic events. As a con-
sequence, the location or locations where FACT partic-
ipates and how FACT dynamically reorganizes nucleo-
somes in the context of other replication factors is not well
understood.

To study how FACT reorganizes nucleosomes and its role
in chromatin replication, we used single-molecule FRET to
visualize dynamic changes in nucleosomal DNA during en-
gagement by FACT. Consistent with past reports (39) work-
ing with Xenopus nucleosomes, we observed large scale
structural changes and reorganization of yeast nucleosomes
upon addition of yFACT. A systematic study of FACT trun-
cations revealed that the C-terminal H2A/H2B binding el-
ements of Spt16 and Pob3 are essential for reorganization.
However, these binding elements alone retain no activity,

demonstrating that nucleosome reorganization depends on
the coordinated engagement of multiple, connected inter-
acting regions. To clarify the importance of these interac-
tions during replication, we identified potential FACT bind-
ing sites guided by structures of replisome subcomplexes
and investigated the influence of these factors on FACT
activity. Combined with systematic pulldowns, these stud-
ies revealed that the N-terminus of Spt16 binds to the C-
terminus of Tof1 adjacent to Top1, positioning FACT for
engagement of parental nucleosomes. Finally, fully in vitro
reconstituted chromatin replication assays confirmed the
importance of these interactions for efficient fork progres-
sion through chromatin. Taken together, our results pro-
vide mechanistic insight into how FACT reorganizes nucle-
osomes and reveal the network of interactions underlying
the first critical steps in the histone processing pathway dur-
ing replication.

MATERIALS AND METHODS

Histone octamer purification

Saccharomyces cerevisiae histones were codon optimized
for the bacterial expression and cloned into pETDuet™
and pCDFDuet™ vectors (#71146, #71340, Novagen). Es-
cherichia coli BL21(DE3) codon plus RIL (Agilent) were
co-transformed with pETDuet H2A-H2B and pCDF H3
-H4 and grown in ZYP-5052 auto-induction medium at
37◦C up to OD600 = 0.8. The temperature was lowered to
18◦C and expression continued overnight. All subsequent
purification steps were performed at 4◦C. Cells were har-
vested by centrifugation (4000 × g, 15 min), resuspended in
buffer A (20 mM HEPES-NaOH, pH 7.6, 10% (v/v) glyc-
erol, 1 mM DTT) + 800 mM NaCl, 1 mM EDTA, supple-
mented with 1 × protease inhibitor cocktail and lysed by
sonication. The cell lysate was cleared by centrifugation (23
666 × g, 45 min) and applied to two HiTrap Heparin HP 5
ml equilibrated in buffer A + 800 mM NaCl. The columns
were washed with 10 CV buffer A + 800 mM NaCl, 1 mM
EDTA, and histone octamers were eluted on an 800 mM to
2 M NaCl gradient. Peak fractions were pooled, spin con-
centrated with a MWCO 10000 Amicon Ultra Centrifugal
Filter unit, applied to a Superdex 200 increase 10/300 gel fil-
tration column equilibrated in buffer A + 2 M NaCl, 1 mM
EDTA. Fluorescently labeled histones were generated using
quick-change mutagenesis, expressed and purified in a sim-
ilar manner with the following differences: Peak fractions
from HiTrap Heparin HP were applied on a HiPrep 26/10
Desalting column to remove DTT. Immediately afterward,
DyLight™ 650 Maleimide (Thermofisher) dye was added in
a great excess. After the incubation, the labeling reaction
was quenched with addition of excess DTT. Next, labeled
histone octamers were run on Superdex 200 increase 10/300
gel filtration column to remove excess dyes and other con-
taminates. Peak fractions containing histone octamers were
pooled, spin concentrated, frozen in aliquots in liquid N2
and stored at −80◦C. This procedure was performed inde-
pendently for histone positions H2A 46, H2B 125, H3 135
and H4 83. Nucleosome reconstitution was performed in
an identical manner to wild-type histones as described be-
low.
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FACT purification

Saccharomyces cerevisiae FACT subunits, Spt16 and Pob3
(ScCD00751519 and ScCD00751520, DNASU), and trun-
cations, were cloned into 12-Ade-B and 12-Trp-U vectors
(a kind gift from S. Gradia, UC Berkeley, Addgene plas-
mids #48298 and #48303) with standard genetic proce-
dures. GST-tagged Pob3 was cloned into 12-Trp-U vector.
Plasmids were co-transformed into yeast strain yBS2, and
precultures were grown in synthetic defined medium sup-
plemented with 2% (v/v) raffinose, w/o adenine and tryp-
tophan, at 30◦C. The following day, 12 l YP supplemented
with 2% (v/v) raffinose was inoculated with the precultures,
grown at 30◦C up to an OD6001, induced by addition of
2% (v/v) galactose and incubated overnight at 18◦C. Cells
were harvested by centrifugation (4000 g, 15 min), washed
once with cold 1 M sorbitol, 25 mM HEPES-NaOH, pH
7.6, and resuspended in 1 cell volume of buffer A supple-
mented with 1× protease inhibitor cocktail and frozen
dropwise in liquid N2. Frozen cells were lysed in a Sam-
plePrep Freezer/Mill and subsequently mixed with 1 cell
volume buffer A + 150 mM NaCl, 5 mM imidazole, sup-
plemented with 1× protease inhibitor cocktail. All subse-
quent steps were performed at 4◦C. Cell lysate was cleared
by ultracentrifugation (29 0121 × g, 60 min) and applied
on two HisTrap HP 5 ml columns equilibrated in buffer
A + 150 mM NaCl, 5 mM imidazole. The columns were
washed with 15 CV buffer A + 150 mM NaCl, 5 mM imi-
dazole, followed by a 5 CV wash with buffer A + 500 mM
NaCl. FACT subunits were eluted on a 5–500 mM imida-
zole step gradient (5, 40 and 100% of buffer A + 500 mM
imidazole). Peak fractions were pooled, buffer exchanged
to buffer A + 150 mM NaCl, and His-tag was cleaved by
TEV protease overnight at 4◦C. Cleaved protein was puri-
fied over HiTrap NiNTA HP 5 ml, and the flowthrough was
applied to ENrich™ Q 10 × 100 Column (Bio-Rad) column,
equilibrated with buffer A + 150 mM NaCl, 1 mM EDTA.
Proteins were eluted over a 150 mM to 1 M NaCl gradi-
ent, peak fractions containing Spt16 and Pob3 were pooled,
spin concentrated with a MWCO 50000 Amicon Ultra Cen-
trifugal Filter unit, and applied to a Superdex 200 increase
10/300 gel filtration column equilibrated in buffer A + 150
mM NaCl, 1 mM EDTA. Peak fractions containing FACT
subunits were pooled, spin concentrated, aliquoted, frozen
in liquid N2 and stored at −80◦C.

The same strategy was used for all FACT constructs, de-
tailed in Supplementary Table S3.

Tof1 truncations & Csm3 purification

Tof1 and Csm3 were codon optimized for bacterial pu-
rification, cloned into a pET GST-His6-TEV vector and
transformed in E. coli BL21 (DE3) codon plus RIL (Ag-
ilent) cells. Cells were grown in ZYP-5052 auto-induction
medium at 37◦C up to OD600 = 0.8. The temperature was
lowered to 18◦C and expression continued overnight. All
subsequent purification steps were performed at 4◦C. Cells
were harvested by centrifugation (4000 × g, 15 min), re-
suspended in buffer T (50 mM Tris-HCl, pH 7, 10% (v/v)
glycerol, 1 mM DTT) + 300 mM NaCl, supplemented with
1× protease inhibitor cocktail and lysed by sonication. The
cell lysate was cleared by centrifugation (23 666 × g, 45 min)

and applied to GSTrap HP 5 ml column (GE Healthcare)
equilibrated in buffer T + 100 mM NaCl. The column was
washed with 20 CV buffer T + 100 mM NaCl, followed by 5
CV wash with buffer T + 1 M NaCl, and buffer T + 100 mM
NaCl, 50 mM KCl, 10 mM Mg(OAc)2, 2 mM ATP. Protein
was eluted in buffer T + 100 mM NaCl, 20 mM reduced
glutathione. Peak fractions were pooled and applied on EN-
rich™ Q 10 × 100 column (Bio-Rad), equilibrated in buffer
T (pH 7.5) + 100 mM NaCl. Following the 5 CV wash, pro-
tein was eluted with gradient from 100 to 1000 mM NaCl.
Peak fractions were spin concentrated, applied on Superdex
200 increase 10/300 gel filtration column (GE Healthcare)
equilibrated in buffer T1 (25 mM HEPES, pH 7.5, 200 mM
NaCl, 5% glycerol, 1 mM DTT). Peak fractions contain-
ing the protein of interest were pooled, spin concentrated,
frozen in aliquots in liquid N2 and stored at −80◦C.

The same strategy was used for all Tof1 truncations
(Tof1 N (1-638 aa), Tof1 M (793-937 aa), Tof1 C (938-1238
aa), Tof1�N (639-1238 aa)) and Csm3.

Saccharomyces cerevisiae Tof1�C (1-937 aa) and Csm3
were amplified from genomic template into 12-Ade-B and
12-Trp-U vectors (a kind gift from S. Gradia, UC Berkeley,
Addgene plasmids #48298 and #48303, Addgene) follow-
ing standard genetic procedures. Expression and purifica-
tion of the complex was done as described above for FACT.

Nhp6 purification

Nhp6 was amplified from yeast genomic DNA into a
pET28a (#69864, Novagen), transformed into BL21(DE3)
Competent Cells (Novagen) and expressed in ZYP-5052
auto-induction medium at 37◦C up to OD600 = 0.8. The
temperature was lowered to 18◦C and expression continued
overnight. All subsequent purification steps were performed
at 4◦C. Cells were harvested by centrifugation (4000 × g, 15
min), resuspended in buffer N6 (20 mM Tris-NaOH, pH
8, 10% (v/v) glycerol, 1 mM DTT) + 1 M NaCl, 30 mM
imidazole, supplemented with 1 × protease inhibitor cock-
tail and lysed by sonication. The cell lysate was cleared by
centrifugation (23 666 × g, 45 min) and applied to HisTrap
HP 5 ml column (GE Healthcare) equilibrated in buffer
A + 1 M NaCl. The columns were washed with 15 CV buffer
N6 + 1 M NaCl, 30 mM imidazole, and protein was eluted
on an 30–500 mM imidazole gradient in buffer N6 + 500
mM NaCl. Peak fractions were pooled, buffer exchanged to
buffer N6 + 100 mM NaCl, and His-tag was cleaved by TEV
protease overnight at 4◦C. Cleaved protein was purified over
HiTrap NiNTA HP 5 ml, the flowthrough was applied to a
HP S column. Protein was eluted on a 100–1 M NaCl gra-
dient, peak fractions were pooled, spin concentrated with
a MWCO 10000 Amicon Ultra Centrifugal Filter unit and
applied to Superdex 200 increase 10/300 gel filtration col-
umn (GE Healthcare) equilibrated in buffer N6 + 150 mM
NaCl. Final peak fractions containing Nhp6 were pooled,
spin concentrated, frozen in aliquots in liquid N2 and stored
at −80◦C.

Asf1 purification

Escherichia coli BL21(DE3) codon plus RIL cells were
transformed with pSmt3-Asf1 (gift from Remus labora-
tory), expressed in ZYP-5052 auto-induction medium at
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37◦C up to OD600 = 0.8. The temperature was lowered to
18◦C and expression continued overnight. All subsequent
purification steps were performed at 4◦C. Cells were har-
vested by centrifugation (4000 × g, 15 min), resuspended in
buffer A + 500 mM NaCl, 30 mM imidazole, supplemented
with 1 × protease inhibitor cocktail and lysed by sonica-
tion. The cell lysate was cleared by centrifugation (23 666
× g, 45 min) and applied to two HisTrap HP 5 ml columns
equilibrated in buffer A + 500 mM NaCl. The column was
washed with 15 CV buffer A + 500 mM NaCl, 30 mM im-
idazole, and SUMO-His-Asf1 was eluted using a 30–500
mM imidazole gradient. Peak fractions were pooled, and
buffer exchanged against buffer A + 100 mM NaCl, fol-
lowed by Upl1 cleavage. The cleaved tags were separated
over HisTrap HP 5 ml column. The cleaved protein was fur-
ther purified on ENrich™ Q 10 × 100 Column (Bio-Rad)
column, washed with 15 CV buffer A + 100 mM NaCl,
and eluted on an 100–500 mM NaCl gradient over 20 CV.
Peak fractions were spin concentrated with a MWCO 10000
Amicon Ultra Centrifugal Filter unit, applied on Superdex
200 increase 10/300 gel filtration column (GE Healthcare)
equilibrated in buffer A + 100 mM NaCl. Peak fractions
containing Asf1 were pooled, spin concentrated, frozen in
aliquots in liquid N2 and stored at −80◦C.

MCM21-200 purification

The N terminal peptide of MCM21-200 was amplified from
the yeast genomic sequence, cloned into a pET GST-His6-
TEV vector and transformed in E. coli BL21(DE3) codon
plus RIL cells. Cells were grown in LB medium at 37◦C
up to OD600 = 0.5, chilled on ice, followed by induction
of expression by addition of 1 mM IPTG. Expression pro-
ceeded overnight at 15◦C. All subsequent purification steps
were performed at 4◦C. Cells were harvested by centrifuga-
tion (4000 × g, 15 min), resuspended in buffer M (50 mM
Tris-HCl, pH 7.5, 10% (v/v) glycerol, 1 mM DTT, 1 mM
EDTA) + 1 M NaCl, supplemented with 1 × protease in-
hibitor cocktail and lysed by sonication. The cell lysate was
cleared by centrifugation (23 666 × g, 45 min) and applied
to GSTrap HP 5 ml column (GE Healthcare) equilibrated in
buffer M + 300 mM NaCl. The column was washed with 15
CV buffer M + 300 mM NaCl, and GST- MCM21-200 was
eluted in buffer M + 300 mM NaCl, 10 mM reduced Glu-
tathione. Peak fractions were pooled, and buffer exchanged
against buffer M + 100 mM NaCl, followed by TEV cleav-
age. The cleaved protein was further purified over HisTrap
HP 5 ml column. The flowthrough was spin concentrated
with a MWCO 10000 Amicon Ultra Centrifugal Filter unit,
applied on HiLoad 26/600 Superdex 75 pg (GE Healthcare)
column equilibrated in buffer M + 150 mM NaCl. Peak
fractions containing MCM21-200 were pooled, spin concen-
trated, frozen in aliquots in liquid N2 and stored at −80◦C.

Pol � , GINS, Ctf4, Cdc45, MCM-Cdt1 and Tof1Csm3 pu-
rification

Yeast strains and plasmids used for expression of Pol �,
Ctf4, GINS, Cdc45, MCM-Ct1 and Tof1-Csm3 were a gift
from the Remus laboratory. The proteins were purified as
detailed in (41). The plasmid used for expression of GINS

was a gift from the Labib laboratory. GINS complex was
purified as described in (42). A list of all plasmids and yeast
strains used in this study can be found in the Supplementary
Tables S11 and S12.

Nucleosome reconstitution

For the nucleosome reconstitution, a template DNA
containing the 147 bp 601 Widom sequence was used
(pGEM-3z/601 was a gift from Jonathan Widom, Addgene
plasmid # 26656) (43). Fluorescent labels were introduced
via PCR with modified primer pairs at positions 35 and 122
with Cy3 and Cy5, or Cy3B and Atto647N, as indicated
with asterix (*): CTGGAGAATCCCGGTGCCGAGG
CCGCTCAATTGGT*CGTAGACAGCTCTAG, and
ACAGGATGTATATATCTGACACGTGCCTGGAG
ACTA*GGGAGTAATCCCCT. After PCR, DNA was
purified on TSKgel SuperQ-5PW column (Tosoh Bio-
science GmbH) equilibrated in 20 mM Tris-HCl, pH 7.5, 1
mM EDTA, and eluted on a 0–2 M NaCl gradient. Peak
fractions containing were pooled and dialyzed overnight
in buffer N (20 mM HEPES, pH 7.6, 10% (v/v) glycerol, 5
mM MgCl2, 1 mM DTT) + 2 M NaCl. The following day,
3 �g of template DNA was mixed with varying amounts
of yeast core histones in buffer N + 2 M NaCl, incubated
on ice for 2 h, followed by an overnight dialysis into buffer
N + 50 mM NaCl. Dialysis setup with the peristaltic
pump was constructed following instructions in (44). The
reconstituted nucleosomes were visualized on a Novex™
TBE Gels, 6% gel (Invitrogen). Gel electrophoresis was
performed with cold 0.5 × TBE buffer (4◦C) at 90 V for
90 min. Fluorescence signals were acquired by a Typhoon
FLA 9500 (GE Healthcare) using the Cy5 filter.

Electrophoretic mobility shift assay (EMSA)

Cy3- and Cy5-labeled nucleosomes were incubated with 4
�M Nhp6 and 0.4 �M of FACT or FACT truncations in
total volume of 15 �l in the buffer N + 50 mM NaCl, for
30 min on ice. Reactions were loaded on Novex™ TBE Gels,
6% gel (Invitrogen). Gel electrophoresis was performed with
cold 0.5 × TBE buffer (4◦C) at 90 V for 180 min. Fluores-
cence signals were acquired by a Typhoon FLA 9500 (GE
Healthcare) using the Cy5 filter.

Single-molecule FRET assays by alternating-laser excitation
(ALEX)

Labeled nucleosomes were diluted to concentrations of ≈ 50
pM in the imaging buffer (20 mM HEPES-NaOH, pH 7.6,
50 mM NaCl, 10% glycerol, 2 mg/ml BSA, 0.054% PEG-
8000, 6% glucose). Prior to measurements, the coverslip was
passivated for 5 min with a 2 mg/ml BSA solution in the
buffer N. All assays were measured in a total sample volume
of a 100 �l. In assays where influence of proteins on the
nucleosome stability was examined, the proteins were mixed
together with the nucleosomes and incubated at RT for 10
min prior to the measurement.

Single-molecule FRET assays were carried out on a
homebuilt confocal alternating-laser excitation (ALEX) mi-
croscope. The microscope set up and subsequent data anal-
ysis are detailed in (45).
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In short, the measurements were carried out on an
epi-illuminated confocal microscope (Olympus IX71,
Hamburg, Germany) with a dual-edge beamsplitter
ZT532/640rpc (Chroma/AHF, Germany). Laser light was
focused to a diffraction-limited excitation spot by a water
immersion objective (UPlanSApo 60×/1.2w, Olympus
Hamburg, Germany). Fluorescent probes were excited by
a diode laser at 532 nm (OBIS 532–100-LS, Coherent,
USA) operated at 60 �W at the sample in alternation
mode (50 �s alternating excitation and a 100 �s alternation
period) and by a diode laser at 640 nm (OBIS 640–100-LX,
Coherent, USA) operated at 25 �W at the sample. The
emitted fluorescence was spectrally split into donor and
acceptor channel by a single-edge dichroic mirror H643
LPXR (AHF). Fluorescence emission was filtered (donor:
BrightLine HC 582/75 (Semrock/AHF), acceptor: Long-
pass 647 LP Edge Basic (Semroch/AHF) and focused onto
avalanche photodiodes (SPCM-AQRH-64, Excelitas). The
detector outputs were recorded by a NI-Card (PCI-6602,
National Instruments, USA).

In addition to a home written software package for burst
search and burst analysis as described in (46), data were
further analyzed and visualized with Python programming
language. To distinguish between low and high FRET pop-
ulations, a cutoff threshold of E* = 0.4 was universally ap-
plied. A one-way ANOVA was conducted to compare the
effect of different proteins on the nucleosome stability, fol-
lowed by post hoc comparisons using the Tukey HSD test.
Data analyzed present three biological replicates, n = 3. An-
alyzed data sets can be found in the Supplementary Data.

GST and CBP pulldown assays

In the pulldown assays with the replisome factors, 0.5 �M
of GST-Pob3Spt16 was incubated with 1 �M of Pol �, Ctf4,
GINS, Cdc45 and Tof1-Csm3, on ice for 30 min in a to-
tal volume of 50 �l. Proteins were immobilized on 15 �l
of Protino™ Glutathione Agarose 4B (Macherey-Nagel) for
90 min at 4◦C. Similarly, CBP-Csm3Tof1, GST fusion pro-
teins (Tof1 N, Tof1 M, Tof1 C) and GST (1.5 �M) were
incubated with prey proteins (fl FACT and FACT trun-
cations, 3 �M) and immobilized on 15 �l of Calmodulin
Affinity Resin (Agilent) or Protino™ Glutathione Agarose
4B (Macherey-Nagel) for 90 min at 4◦C. Following, beads
were washed 3× with buffer G (50 mM HEPES-NaOH,
pH 7.6, 300 mM NaCl, 10% (v/v) glycerol, 0.05% NP-40,
1 mM DTT, 1 mM EDTA) for GST pulldowns or buffer C
(25 mM HEPES-NaOH, pH 7.6, 300 mM NaCl, 10% (v/v)
glycerol, 0.05% NP-40, 1 mM DTT, 2 mM CaCl2) for CBP
pulldowns. Proteins were incubated in the buffer C + 5 mM
EDTA, 5 mM EGTA or buffer G + 20 mM reduced glu-
tathione, for 10 min on shaker at 4◦C, 1000 rpm, eluted by
centrifugation (500 × g, 4◦C, 1 min) and analyzed by SDS-
PAGE.

Peptide pulldowns

Peptides based on Tof1 C were synthetized with a desthio-
biotin linker, and were immobilized on magnetic Dyn-
abeads™ M-280 Streptavidin (Invitrogen), equilibrated with
buffer M (25mM HEPES-NaOH, pH 7.6, 50 mM NaCl,

10% (v/v) glycerol, 0.02% NP-40, 1 mM DTT) at RT for 90
min on a spinning wheel. Following 3× wash with buffer M,
prey protein (S N, Top1) was added and further incubated
for 1 h. After a wash step, beads were transferred to a fresh
tube and incubated for 30 min in the buffer M + 5 mM bi-
otin, at 1000 rmp. Supernatants were recovered and eluted
proteins were analyzed by SDS-PAGE.

Full list of peptides queried by pulldowns, and their se-
quence, is provided in Supplementary Table S9.

In vitro chromatin replication assay

Replication reactions were carried out as described pre-
viously (Kurat et al., 2017). The following concentrations
were used, unless stated otherwise: 50 nM FACT, 50 nM
S�N-P, 50 nM S�C-P�C, 20 nM Tof1Csm3, 20 nM
Tof1�C, 10 nM Top1 and 10 nM TopI2. DNA was visual-
ized by incorporation of [�32P] deoxycytidine triphosphate
(dCTP) into nascent DNA. Reaction products were sepa-
rated on a 0.8% alkaline agarose gel and visualized by phos-
phoimaging. Factors required for Okazaki fragment matu-
ration are omitted from the assay, thus leading and lagging
strands are visible.

Gels were analyzed with ImageJ using the Plot Lanes
macro (47). Obtained lane profiles of the replication reac-
tions were fit to a Gaussian distribution, and the center
of the distribution was taken as the mean leading strand
length. To compare the influence of different replication
conditions on chromatin replication enhancement across
multiple gels, the lengths of the leading strands were nor-
malized for each gel to the negative (0% enhancement)
and positive (100% enhancement) control, i.e. the reactions
without and with fl FACT, respectively.

RESULTS

A single-molecule FRET approach to study rearrangements
in the nucleosome core

To investigate structural changes within the nucleosome, we
established a single-molecule FRET assay which allowed
for detection of nucleosomal DNA reorganization. Yeast
nucleosomes were reconstituted as previously described (44)
using 147-bp DNA substrates containing the Widom 601
sequence. Nucleosome reconstitution was highly efficient
with essentially no free DNA remaining (Figure 1A). To
track DNA mobility, donor and acceptor fluorophores
(Cy3 and Cy5) were placed along the dyad axis at positions
35 and 112, at the maximum distance from the entry and exit
points of DNA (Figure 1B). These positions ensured mini-
mal influence of nucleosome breathing on monitored FRET
values (48). The DNA substrate is considered stiff due to the
short length, which is smaller than the persistence length of
double-stranded DNA. The construct places both dyes at a
distance of 77 base pairs, ∼26 nm, apart. Considering the
Förster radius of the Cy3–Cy5 pair is in the range of ∼5
nm (49), it is expected that energy transfer is absent in the
construct before nucleosome formation. Based on the yeast
nucleosome structure (PDB 1ID3), dyes positioned along
the dyad axis at a distance of ∼4.5 nm are expected to have
a FRET efficiency of ∼0.65.
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Figure 1. Single-molecule FRET assay to study nucleosome dynamics. (A) FACT engagement with nucleosomes studied by EMSA. The efficiency of
nucleosome reconstitution is evident as a shift of the complex with minor amounts of free DNA (lane 1). Further shift is observed with nucleosome forming
a complex upon the addition of Nhp6 (lane 2) and yFACT (Nhp6 together with FACT) (lane 4) but not with FACT alone (lane 3). (B) Top: schematic
showing FRET substrates, Bottom: 2D-histograms showing the stoichiometry versus FRET efficiency for individual measurements of the labeled DNA,
nucleosome and nucleosome + yFACT, respectively. (C) Single-molecule FRET measurements showing the distributions of high FRET population with
the efficiency of ∼ 0.7 for the complexes as shown in A: nucleosome (gray), nucleosome + Nhp6 (blue), nucleosome + FACT (green); nucleosome + yFACT
(teal) is shifted to a lower FRET population. All histograms have the same y-axis scale of 200 counts. (D) yFACT reorganization activity reported as loss
of FRET (%), bars and error bars indicate mean ± s.d., respectively, from three independent experiments: nucleosome = 9.23 ± 2.20, Nhp6 = 10.96 ±
1.15, FACT = 10.47 ± 3.01, yFACT = 72.12 ± 0.46. Statistical analysis: one-way ANOVA with Tukey HSD post hoc test (n = 3), n.s. P > 0.5, ***P <

0.001.

To establish the assay, single, freely diffusing nucleosomes
were imaged in a confocal microscope using alternating
laser excitation (ALEX) with rapid switching between green
(532 nm) and red (637 nm) lasers at 20 kHz to capture
donor and acceptor emission (50). Spectral separation of
green and red signal provided information on donor (DD)
and acceptor (DA) emissions upon donor excitation, as

well as acceptor emission (AA) upon direct acceptor exci-
tation. These photon streams allowed us to calculate ap-
parent FRET efficiency E* = DA/(DA + DD), which is
a setup-dependent value reporting on interdye separation
and distance changes. Second, stoichiometry S was calcu-
lated according to S = (DA + DD)/(DA + DD + AA)
and the data were plotted in two dimensional histograms
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of E* versus S. A dual-color burst search was used to iden-
tify doubly labeled DNA constructs and nucleosomes (Fig-
ure 1B–D). The ability of ALEX to image freely diffusing
molecules allows for the collection of tens of thousands of
single molecule observations within hours, facilitating rapid
screening of buffers and samples.

Analysis of isolated Widom DNA showed a low-FRET
(E* ∼ 0.2) population consistent with the large separation of
Cy3 and Cy5 on free DNA (Figure 1B). The non-zero value
of E*, despite the large interdye distance, is mainly caused
by donor-leakage of Cy3 into the Cy5-detection channel.
Imaging reconstituted nucleosomes revealed a high FRET
population with varied stability over time that strongly de-
pended on the buffer conditions (Figure 1B). The E* of the
high FRET species was 0.7, in a good agreement with the
predicted value based on the yeast nucleosome structure
(PDB 1ID3) for dyes positioned along the dyad axis (Figure
1B). In intact nucleosomes under optimal buffer conditions,
the high FRET species accounted for 90% of the entire
FRET signal. The remaining signal was broadly distributed
consistent with the expected background of the measure-
ment technique with a minor species at lower FRET cor-
responding to free DNA (Figure 1B). Interestingly, upon
dilution <50 pM for single-molecule imaging, pronounced
nucleosome disassembly was observed within minutes. This
observation provides an explanation for the notorious chal-
lenges encountered when attempting to purify and recon-
stitute yeast nucleosomes and arises from key differences in
the protein–DNA contact network (51). Therefore, buffer
conditions were extensively screened to find suitable con-
ditions in which nucleosomes remained stable at the low
concentration needed for single-molecule assays during the
imaging time window of 30–60 min. Additives that mimic
native crowded conditions (52,53) were found to stabilize
nucleosomes, consistent with past reports (54–56) and al-
low for continuous imaging. The optimal conditions that
emerged from buffer screening were used for all subsequent
FRET measurements (Supplementary Figure S1C).

yFACT promotes extensive reorganization of yeast nucleo-
somes

To clarify how FACT interacts with and reorganizes the nu-
cleosome, individual subcomplexes were introduced to la-
beled nucleosomes. No change in FRET efficiency or the
relative abundance of the high- and low-FRET popula-
tions was observed upon addition of FACT or Nhp6 in-
dividually (Figure 1C,D). In contrast, simultaneous addi-
tion of Nhp6 and FACT, referred to as yFACT, led to ex-
tensive destabilization of nucleosomes, defined by almost
complete loss of high FRET (Figure 1B–D). To quantify
the effects of yFACT and its individual components, we
calculated the relative percentage of the low FRET popu-
lation for each condition and compared it to nucleosomes
(Figure 1D). To distinguish between low and high FRET
populations, a cutoff threshold of E* = 0.4 was universally
applied. Nucleosomes, FACT or Nhp6 all showed a stable
∼10% low FRET fraction with only yFACT inducing an
increase of this value to ∼70% (Supplementary Table S1).
We thus refer to the ratio as loss of FRET throughout the
text. Further, statistical analysis showed no significant dif-

ference in loss of FRET between nucleosome, Nhp6 and
FACT, with a significant difference compared to yFACT,
P < 0.001 (one-way ANOVA with Tukey HSD post hoc
test, Supplementary Table S2). These findings are consis-
tent with EMSA showing formation of higher-order species
only with the combination of both factors, and a complete
lack of shift with FACT alone (Figure 1A). Additionally,
we confirmed that the higher-order species formed upon
yFACT engagement contain all histone dimers (Supplemen-
tary Figure S1A). Further, we observed that FACT’s abil-
ity to form higher order species and disrupt nucleosomes is
strongly concentration dependent, to ensure complete reor-
ganization we titrated up to 400 nM, which is much higher
than the previously reported Kd values ranging between
16 and 64 nM (38,57). In accordance with previously re-
ported EMSA measurements (58), our single-molecule as-
say demonstrated the prerequisite of a ten-fold higher con-
centration of Nhp6 for effective recruitment of FACT to nu-
cleosomes (Supplementary Figure S1B).

To exclude the possibility that FRET changes could
occur due to protein-induced fluorescence enhancement
(PIFE), control measurements were performed with the
donor Cy3B and acceptor ATTO647N, both shown to
be insensitive to local environmental changes (59) (Sup-
plementary Figure S1D). In comparison with assays per-
formed with Cy3 and Cy5, these controls revealed no PIFE
effects or quenching, consistent with all observed FRET
changes arising as a consequence of nucleosome reorgani-
zation by FACT.

Nucleosome reorganization by FACT is coordinated among
several distinct regions

To clarify the importance of individual domains of FACT
for nucleosome reorganization, we employed the same as-
say to study the interaction of nucleosomes with truncated
FACT complexes. FACT has a highly modular organiza-
tion with flexible elements positioned in between histone
interacting motifs like beads on a string. Therefore, do-
mains were removed individually and in combination with
truncations starting and ending in the naturally flexible re-
gions (Figure 2A and Supplementary Figure S2A). Each of
the constructs, in combination with Nhp6, caused distinct
changes in the FRET populations monitored using labeled
nucleosomes (Figure 2 and Supplementary Table S4). For
further clarity, truncated FACT subunits are noted with S
for Spt16 and P for Pob3.

Individual C-terminal deletions in either Spt16, S�C-
P or Pob3, S-P�C, led to significant loss of FACT reor-
ganization activity. Deletion of the C-terminus of Spt16
was considerably more detrimental as compared to Pob3,
with ∼22% loss of activity (P < 0.001) as compared to
∼10% (P = 0.029), in agreement with differences in the
affinities of each C-terminal domain for H2A/H2B (17).
This observation suggests different modes of FACT sub-
unit interaction with the nucleosome. Complete loss of ac-
tivity was observed when both C-terminal domains were re-
moved simultaneously, S�C-P�C, as reflected by no signifi-
cant difference compared to nucleosomes alone (P = 0.682),
demonstrating the indispensable role of the C-terminal do-
mains for FACT reorganization activity. Our observation

D
ow

nloaded from
 https://academ

ic.oup.com
/nar/article/50/3/1317/6513577 by Technische U

niversitaet M
uenchen user on 25 M

arch 2025



1324 Nucleic Acids Research, 2022, Vol. 50, No. 3

Apparent FRET

A

B C 

Spt16 Pob3 Nhp6

N M C N M C 

Domain organisation of FACT + Nhp6

Spt16

nucleosome

S∆C-P∆C

S∆C-P

S∆N-P

S-P∆C

S-P

nucleosome

complex

S
pt

16

nu
cl

eo
so

m
e

S
∆C

-P
∆C

S
∆C

-P

S
∆N

-P

S
-P

∆C

S
-P

+ Nhp6

45
2

55
2

10
35

1

1

95
8

44
7

N C

C

Spt16 

Pob3 
Loss of FRET

0.0 0.2 0.4 0.6 0.8 1.0

***

0

20

40

60

80

100

S
pt

16

nu
cl

eo
so

m
e

S
∆C

-P
∆C

S
∆C

-P

S
∆N

-P

S
-P

∆C

yF
A

C
T

Lo
ss

of
*[

%
]

E

n.s.
*

Figure 2. Contributions of the individual FACT domains to nucleosome reorganization. (A) Left: single-molecule FRET measurements showing the
distributions of FRET populations for individual FACT truncations; Spt16 (S), Pob3 (P). Right: schematic showing the modular domain organization of
FACT and the individual truncations. All histograms have the same y-axis scale of 200 counts. (B) EMSA for the truncations shown in A. The nucleosome
forms a complex with the addition of Nhp6 and different FACT truncations. The complete shift, compared to the fl FACT, is observed with S�C-P, S-P�C
and S�N-P. (C) FACT reorganization activity reported as loss of FRET (%), bars and error bars indicate mean ± s.d., respectively, from three independent
experiments: yFACT = 72.12 ± 0.46, S�N-P = 64.95 ± 1.37, S-P�C = 62.99 ± 5.62, S�C-P = 46.82 ± 4.04, S�C-P�C = 13.09 ± 2.87, Spt16 = 13.13
± 0.35, nucleosome = 9.23 ± 2.20. Statistical analysis: one-way ANOVA with Tukey post hoc test (n = 3), n.s. P > 0.5, *P < 0.05, ***P < 0.001.
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that the C-terminus of Spt16 alone accounts for the major-
ity of the reorganization activity led us to consider whether
Pob3 is required. We therefore performed measurements
with Spt16 alone, which showed no significant reorganizing
activity compared to nucleosomes alone (P = 0.673, one-
way ANOVA with Tukey HSD post hoc test, Supplemen-
tary Table S5). EMSA revealed the formation of large com-
plexes for all truncations that displayed reorganization ac-
tivity suggesting FACT remains bound to maintain the reor-
ganized state (Figure 2B). Intermediately sized species, con-
sistent with Nhp6 binding alone, were observed for S�C-
P�C and Spt16, both of which show no reorganization ac-
tivity.

Consistent with its suggested role in recruitment and
regulation, deletion of the N-terminus of Spt16, S�N-P,
did not significantly impair the reorganization activity of
yFACT. Nevertheless, a small reproducible reduction in ac-
tivity was observed (P = 0.118). To further assess the reduc-
tion in activity we combined the Spt16 N-terminal deletion
with the C-terminal deletion of Pob3, creating S�N-P�C.
As expected, S�N-P�C exhibited a loss in activity equiv-
alent to the sum of the individual losses from each trunca-
tion. However, we evaluated the N-terminus of Spt16 alone,
S N, and observed no influence on the nucleosome stabil-
ity (Supplementary Figure S2B and Supplementary Table
S6). Therefore, we attribute the small reduction in activity
observed for S�N-P to global changes in structural stabil-
ity that influence the engagement pathway since we did not
observe any interaction between the N-terminal of Spt16
and the nucleosome, and no interactions have been visible
in known structures.

Our observation that the C-terminal domains of Spt16
and Pob3 are critical for reorganization activity led us to
wonder if these elements alone might be sufficient. To eval-
uate this hypothesis, we repeated the ALEX assay with
peptides containing the C-terminal binding domains from
each subunit (Supplementary Figure S2C). However, even
at high concentration, no reorganization activity was ob-
served. Next, we attempted to rescue activity by comple-
menting the C-terminal peptides with FACT truncations
lacking only the C-terminus of either subunit. Intriguingly,
these attempts resulted in the same level of activity as with-
out the C-terminal peptides (Supplementary Figure S2D
and Supplementary Table S6). Taken together, these results
highlight the critical importance of multiple points of con-
tact for robust nucleosome reorganization by FACT.

Direct interactions between FACT and replication factors

Several lines of evidence suggest that FACT may be directly
physically coupled to the replisome. FACT has been shown
to copurify with core replisome components and travel with
the replication fork progression complex (7,36–37,60). Low
levels of FACT have proven sufficient for chromatin replica-
tion in vitro (30), consistent with a high local concentration
residing at the replication fork. This latter observation may
provide an explanation for the large excess of FACT needed
for complete reorganization activity in our ALEX experi-
ments. However, the site or sites where FACT might bind
and primary location of action within the replisome have
remained unclear (Figure 3A).

To search for physical interactions between FACT and
replication factors, we performed pulldown assays with
reconstituted replication complexes in vitro. To this end,
FACT consisting of Spt16 and GST-tagged Pob3 was
bound to glutathione beads and used as bait for the repli-
cation factors Pol �, Ctf4, Tof1-Csm3, Cdc45, MCM-Cdt1
and GINS (Figure 3B), all of which are believed to reside
near the site of initial parental nucleosome processing. In
agreement with previous reports, we detected a direct inter-
action between Pol � and FACT (12,61). Unexpectedly, we
also discovered a novel interaction between Tof1-Csm3 and
FACT. None of the other replication factors we screened
were retained on the beads.

Next, we used our FRET assay to investigate whether
replisome components might modulate the nucleosome re-
organization activity of FACT. We started by evaluating
components of the replisome progression complex (36) in-
dividually to exclude any direct nucleosome reorganization
activity given that some are known histone binders. In par-
ticular, in addition to its interaction with FACT, Pol � has
been shown to bind histones H2A/H2B (21) as well as
H3/H4 (22). However, we observed no nucleosome reorga-
nization activity from any of the replication factors tested
(Supplementary Figure S3B). The histone chaperone Asf1
and MCM21-200 (amino acid (aa) 1–200), previously shown
to form a complex with H3/H4 dimers, also did not trig-
ger nucleosome reorganization. Next, we introduced repli-
cation factors in combination with yFACT. None of the fac-
tors screened resulted in a significant reduction in yFACT
activity except Tof1-Csm3, which resulted in a 53% reduc-
tion (Supplementary Figure S3B and Supplementary Ta-
ble S7). However, upon further investigation, we discovered
that Tof1-Csm3, known to bind DNA (62,63), engages the
nucleosome with a greater affinity than yFACT (Supple-
mentary Figure S3C) suggesting the reduction in activity
may not be the result of direct modulation of yFACT by
Tof1-Csm3 but rather Tof1-Csm3 blocking yFACT engage-
ment. To further investigate this possibility, we removed
the N-terminal DNA binding region of Tof1 to generate
Tof1�N-Csm3 (Tof1�N 639–1238 aa). Using a native shift-
assay we confirmed that Tof1�N-Csm3 indeed does not
bind DNA and it also does not bind nucleosomes (Sup-
plementary Figure S3D). Finally, in the FRET assay we
probed for an influence of Tof1�N-Csm3 on yFACT ac-
tivity. In contrast to our results with Tof1-Csm3, Tof1�N-
Csm3 did not reduce the nucleosome reorganization activity
of yFACT (Supplementary Figure S3E and Supplementary
Table S8). Therefore, the impact of Tof1-Csm3 we observe
in the FRET assay can be attributed to Tof1-Csm3 directly
binding to nucleosomal DNA, thereby preventing yFACT
engagement with the nucleosome. Importantly, structural
models suggest binding of Tof1-Csm3 to CMG (63) would
reduce nucleosomal DNA binding, allowing FACT to play
the dominate role in nucleosome engagement at the replica-
tion fork.

FACT binds to an interaction hub in the C-terminus of Tof1

Recent structures of the CMG helicase have shown the fork
protection complex positioned directly at the front of the
replisome, where Tof1-Csm3 can grip dsDNA stabilizing
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the entire complex (63,80) (Figure 4A). Further, in our in
vitro pulldown assays we found that Tof1-Csm3 was specif-
ically retained by FACT (Figure 3B). Taken together, these
observations would place FACT in front of the replication
fork.

To better understand the interaction between FACT and
Tof1-Csm3, we set out to define the interacting region(s) us-
ing in vitro pulldown assays with purified proteins. First,
to confirm our initial finding, we showed that full-length
(fl) FACT was also specifically retained by fl CBP-tagged
Tof1-Csm3, immobilized on CBP agarose beads. To define
the region of Tof1-Csm3 responsible for FACT binding,
we constructed a series of GST-tagged Tof1 truncations –
Tof1 N (1–638 aa), Tof1 M (793–937 aa) and Tof1 C (938–
1238 aa), as well as fl Csm3 (Figure 4B and Supplemen-

tary Figure S4A). In particular, binding of fl FACT to fl
Csm3 was not observed. In the same experiment, fl FACT
was not retained by Tof1 N or Tof1 M, but a specific in-
teraction with Tof1 C was observed (Figure 4C). We ex-
amined whether the interaction of FACT with Tof1 C has
an influence on nucleosome reorganization by yFACT us-
ing the FRET assay. Here, we did not detect any impact
of Tof1 C on the ability of yFACT to reorganize nucle-
osomes (Supplementary Figure S3E and Supplementary
Table S8).

Next, we sought to identify the FACT domain(s) respon-
sible for the interaction with Tof1. To this end, we probed
a range of FACT truncations, previously used in FRET as-
says (Supplementary Figure S2), for their interaction with
Tof1 C. In addition to fl FACT, the Spt16 subunit on its
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N-domain. The strongest interaction was detected for peptide 6, corresponding to the region of Tof1 between aa 1001 and 1022 (teal).

own also interacts with Tof1 C. However, the truncation
that profoundly destabilized nucleosomes in the FRET as-
say, S�N-P, was not retained by Tof1 C. Subsequently, we
probed whether the Spt16 N, the domain that seems not
to be involved in engaging with the nucleosome, is respon-
sible for the association with Tof1. Indeed, we observed
an interaction between Spt16 N and Tof1 C. Finally, the
double C-termini truncation, S�C-P�C, which is not able
to engage with the nucleosome, nevertheless interacts with
Tof1 C (Figure 4D). Taken together, these results indicate
that FACT may be recruited to the replication fork by bind-
ing to the C-terminus of Tof1 via Spt16 N-domain, leaving
the rest of FACT domains free for engagement with the nu-
cleosome.

Interestingly, the C-terminus of Tof1 is also a site hous-
ing Top1 (64–67), which suggests it could serve as a general
interaction hub for recruitment of factors needed ahead of

the replication fork. We wondered whether FACT and Top1
can simultaneously bind to Tof1 or their presence is mutu-
ally exclusive. Importantly, Top1 and FACT are known in-
teraction partners (68). We designed a peptide library with
23 overlapping desthiobiotin-tagged peptides encompass-
ing the Tof1 C in its entirety (Figure 4E and Supplemen-
tary Table S9), which enabled us to screen for specific inter-
action interfaces between Tof1 and FACT, as well as Top1.
We found that Spt16 N predominantly interacts with the re-
gion of Tof1 between aa 1001 and 1022. Top1 was found to
have a more extensive interaction interface spanning mul-
tiple peptides, with the most prominent one from aa 1040
to 1074 (Supplementary Figure S4D). Based on the peptide
pulldowns, Spt16 N and Top1 were found to interact with
two distinct, neighboring, sites on Tof1. Given the prox-
imity of the uncovered interaction interfaces, together with
the fact that Top1 has been shown to interact with FACT
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(68), one intriguing possibility is the formation of a trimeric
Tof1-FACT-Top1 complex.

FACT nucleosome reorganization activity and interaction
with Tof1 are required for efficient chromatin replication

The interaction between FACT and Tof1 we identified could
provide an explanation for the requirement of high concen-
trations of FACT in our single-molecule assays to promote
nucleosome reorganization. Clearly, the reorganization ac-
tivity of FACT must be regulated to avoid random chro-
matin regions from being remodeled. The interaction with
Tof1 would then focus the activity of FACT at the replica-
tion fork and contribute to establishing a high local con-
centration, thus creating a scenario analogous to the arti-
ficially high concentration employed in our single-molecule
assays. This model is quite appealing and explains many dis-
parate lines of evidence suggesting a direct role of FACT at
the replication fork.

To investigate the importance of the activities of FACT
we identified for replisome progression through chromatin,
we conducted an in vitro chromatin replication assay with a
minimal set of components (Figure 5A). The in vitro repli-
cation assay allowed us to specifically investigate the contri-
bution of the individual FACT domains to chromatin repli-
cation. We demonstrated in our FRET assays that FACT
reorganizes nucleosomes into a more open complex with
many histone-DNA contacts disrupted. These reorganized
nucleosomes are more easily removed during unwinding of
parental DNA leading to a faster rate of replication fork
progression. This FACT enhancement can be monitored by
measuring the rate at which the length of the leading-strand
product increases because synthesis of the leading strand
is directly coupled to unwinding of parental DNA. No-
tably, the replisome can progress through chromatin even in
the absence of dedicated histone chaperones or remodelers.
The level of background activity is strongly dependent on
the level of chromatinization. This accounts for differences
when comparing the results here with those previously re-
ported (30). Nevertheless, substantial FACT enhancement
of chromatin replication is observed over background.

First, we asked whether the FACT construct lacking the
C-terminal domains, S�C-P�C, which is unable to engage
with mono-nucleosomes in our FRET assay, is still suffi-
cient to promote replication through chromatin. Consistent
with our previous findings (Figure 2), replication of chro-
matinized templates in the presence of S�C-P�C is defec-
tive to an extent comparable to the complete omission of
FACT from the replication reaction (Figure 5B). As the
affinity of S�C-P�C for H2A/H2B histones is significantly
lower compared to fl FACT (17), we performed in vitro chro-
matin replication across a range of concentrations, up to 400
nM, an 8-fold excess over the wild-type condition of 50 nM
fl FACT. Even at high concentrations, we did not detect any
increase in the lengths of leading-strand replication prod-
ucts, showing that FACT’s ability to bind nucleosomes is
indispensable for enhancing replication (Figure 5C).

Next, we inspected the significance of the FACT interac-
tion with Tof1 via the N-terminal domain of Spt16. Unlike
S�C-P�C, the S�N-P truncation is able to stimulate chro-

matin replication but at a much lower level than fl FACT
(Figure 5B). As before, we performed chromatin replication
for a range of concentrations to evaluate whether higher
concentrations of the S�N-P could restore chromatin repli-
cation to fl FACT levels. At 50 nM S�N-P, we observed
a 58% reduction in chromatin replication compared to fl
FACT. However, 4- and 8-fold excess of S�N-P restored
the lengths of leading-strand replication products to levels
equivalent to and beyond what was obtained for 50 nM fl
FACT (Figure 5D and Supplementary Table S10).

To further test our hypothesis, we examined the influ-
ence of Tof1�C-Csm3 on replication. First, we confirmed
Tof1�C-Csm3 is able to support DNA replication to a sim-
ilar level as fl Tof1-Csm3 on non-chromatinized templates
in the absence of FACT (Figure 5E). Next, we evaluated
Tof1�C-Csm3 in chromatin replication assays over a range
of FACT concentrations up to 400 nM, an 8-fold excess over
the wild-type condition of 50 nM FACT. When using a con-
centration of 50 nM FACT, Tof1�C-Csm3 results in a 66%
reduction in chromatin replication (Figure 5F and Supple-
mentary Table S10). However, an 8-fold excess of FACT
can compensate for the loss of the Tof1 interaction and al-
lows for recovery of chromatin replication activity to near
the level observed for fl Tof1-Csm3 with 50 nM FACT. The
differences observed in the FACT titration with Tof1�C-
Csm3 make direct comparison without quantification diffi-
cult. Therefore, we performed two additional independent
experiments at 50 and 100 nM FACT that provide further
visual confirmation of loss of chromatin replication activity
with both truncations in a direct side-by-side comparison
with wild-type (Supplementary Figure S5). These experi-
ments are consistent with FACT binding to the C-terminus
of Tof1 increasing the local concentration of FACT at the
replication fork and aiding in disassembly of nucleosomes
to enhance chromatin replication.

DISCUSSION

To understand the role of FACT in helping the replication
machinery overcome parental nucleosomes, we used single-
molecule FRET to dissect the key interactions underlying
nucleosome destabilization. Robust activity required high
levels of FACT suggesting physical coupling to the replica-
tion machinery is needed to focus FACT activity. Guided
by structures of replisome components, we identified sites
of potential integration into the replication machinery and
probed the influence of key factors on reorganization activ-
ity.

Detailed examination of possible interacting regions us-
ing pulldowns revealed that the N-terminus of Spt16, a pro-
tein interaction module we found to be dispensable for re-
organization activity, binds to the C-terminus of Tof1 adja-
cent to a predicted Top1 binding site. Taken together, these
findings strongly favor a model in which FACT is positioned
by Tof1 to destabilize parental nucleosomes ahead of the
replication fork (Figure 6). Further support for this model
is provided by fully in vitro reconstituted chromatin repli-
cation assays demonstrating this interaction is required for
enhancement of replication by FACT.
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Figure 5. Enhancement of chromatin replication is limited by FACT and Tof1 truncations. (A) Reaction scheme of the in vitro chromatin replication assay.
(B) Chromatin replication showing loss of enhancement for S�C + P�C and S�N + P as compared to fl FACT, all at 50 nM. All conditions contained 20
nM fl Tof1-Csm3. Asterix indicates end labelling of nicked plasmid DNA. (C and D) Chromatin replication performed as in B, with S�C-P�C and S�N-P
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Nucleosome reorganization by FACT requires multisubunit
coordination

Our single-molecule FRET observations demonstrate that
FACT alone can induce large scale structural changes in the
nucleosome core leading to the loss of histone-DNA con-
tacts. Notably, and consistent with past observations (58),
this activity required high concentrations of yFACT with a
large excess of Nhp6. These conditions shifted the equilib-
rium toward higher populations of partly opened, FACT-
bound nucleosomes, which provided an opportunity to dis-
sect the dynamic roles played by different FACT domains.
Systematic removal of the flexibly tethered subdomains of
FACT confirmed that at least two points of contact are re-
quired for stable formation of open complexes. In particu-
lar, truncations lacking the C-terminal domains that bind
where H2A/H2B dimers contact DNA were severely com-
promised, with removal of the C-terminal domain of Spt16
being most detrimental. Intriguingly, our attempts to res-
cue activity by adding these two critical C-terminal regions
as separate polypeptides failed. This demonstrates that the
middle domains, known to engage along the dyad axis near
the H3 dimerization interface, are needed as an additional
anchor to support stable engagement of the C-terminal
regions (Figure 6A). These observations are entirely con-
sistent with the findings of many other recent biochemi-
cal and structural studies of FACT (8,16,17,57,69,70,71).
Moreover, they highlight the absolute requirement for co-
ordinated engagement of multiple, connected FACT sub-
domains for activity and provide a further clue to FACT
versatility.

The reorganization activity we observe with high levels
of yFACT would be catastrophic if it occurred uncontrol-
lably throughout chromosomes. However, the cellular con-
ditions differ in several key aspects that ensure the proper
regulation of FACT. First, FACT is available at a copy num-
ber lower than the number of nucleosomes in the cell. In
yeast, for example, there are ∼42,000 copies of FACT as
compared with ∼70,000 nucleosomes (72). Moreover, the
pool of available FACT will be continuously depleted by
several ongoing processes. Second, we expect that the dense
packing in chromatin fibers would lead to greater stabil-
ity as compared to the mono-nucleosomes we examined
in vitro. Further studies beyond the scope of the current
work are needed to investigate this possibility and the im-
portance of stacking interactions and extended flanking re-
gions. Finally, together with these features, we have shown
that FACT activity requires several weak interactions be-
tween connected subdomains to be coordinated. This ap-
pears to be the most potent means of regulation, and the
one that most likely underlies the broad versatility that al-
lows the same chaperone to play important roles in vastly
differing contexts.

FACT supports chromatin replication by disassembling
parental nucleosomes

The recruitment site we have identified between the N-
terminus of Spt16 and C-terminus of Tof1 would position
FACT adjacent to parental nucleosomes as they approach
the replication fork. Structural modeling with nucleosome-
bound FACT and Csm3-Tof1-bound CMG demonstrates

the feasibility of the resulting spatial organization (Figure
6B). Moreover, further support for this arrangement comes
from numerous studies demonstrating the critical impor-
tance of the N-terminal domain of Spt16 as well as biophys-
ical investigations suggesting nucleosome breathing lasts for
50–60 ms. Recruiting FACT to a site directly adjacent to in-
coming nucleosomes would ensure it could engage during
these breaking events to rapidly promote further nucleo-
some disassembly in a mechanism highly analogous to those
proposed for transcription (73).

In addition to the chromatin replication defect observed
in this study, upon removal of the N-terminal domain of
Spt16, multiple studies, particularly under the conditions
of DNA replication stress, have demonstrated the impor-
tance of the highly conserved domain. In the absence of the
N domain, yeast cells become very sensitive to hydroxyurea
(14), while, in combination with mutations of the Pob3 sub-
unit, more severe defects occur (74). Likewise, FACT was
recently shown to be crucial for survival of replication stress
in mammalian cells (75). From a structural perspective, the
Spt16 N-domain is a peptidase domain (74,76), which has
not been shown to interact with the nucleosome and was
not visible in structures showing nucleosome engagement
by FACT (16). Taken together, FACT positioning at the
replication fork by the N-domain of Spt16 through binding
to Tof1 would provide an explanation for the indispensabil-
ity of FACT in cells with high levels of replication stress,
across different cell types and organisms.

Our structural model and biochemical insights suggest
the following sequence of molecular events take place at
the replication fork (Figure 6C). As the CMG advances,
Top1 continuously engages and helps to resolve positive su-
percoils that may transiently build-up ahead to support ro-
bust unwinding. As parental nucleosomes arrive at the repli-
cation fork, they become partially destabilized by the ad-
vancing helicase. This provides points of entry to FACT,
which initially engages any exposed histone binding site to
promote further large-scale reorganization, followed by en-
gagement at secondary and tertiary sites as they become
available. As FACT replaces DNA contacts and promotes
further opening, other histone binding domains at the repli-
cation fork––such as MCM2, Ctf4 and Pol �––would have
the opportunity to scavenge for exposed histones. In the
absence of binding by additional factors, FACT possesses
sites for both the H3/H4 tetramer as well as two H2A/H2B
dimers allowing the chaperone to aid in handing off all
the protein components of the nucleosome for downstream
processing. Our observations provide few hints about fur-
ther downstream events, but we speculate that the individ-
ual weaker interactions with each histone dimer could help
to facilitate this process by allowing each subdomain of
FACT to sequentially disengage as handoff opportunities
arise. This process could occur directly during reassembly
on the daughter strands or during handoff to intermediate
factors, known to bind FACT, such as Pol �.

While numerous hints have emerged that suggest histone
chaperones and remodelers may be integral members of
replication complexes, little is known about the contact net-
work supporting their integration. We speculate that the
FACT binding site in Tof1 is only the beginning and that
more binding sites are positioned throughout the replica-
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tion machinery. Our observations suggest these sites may
not only serve to recruit the histone processing machinery
but also ensure each factor is positioned at the right loca-
tion and properly regulated. Determining the functional im-
portance of distinct interactions in the context of replica-
tion has long been a challenge. Replisomes themselves are
highly redundant machines with multiple pathways avail-
able to overcome unexpected changes in composition (77).
We anticipate, and recent work suggests, that the nucleo-
some processing pathway is no different. In fact, we observe
considerable replication through chromatin in vitro even in
the absence of FACT, representing an intrinsic parental nu-
cleosome removal activity of the replisome in the absence
of dedicated factors. Redundancy often makes it difficult
to clearly delineate the roles of distinct factors and inter-
actions. However, single-molecule studies of in vitro recon-
stituted replication factors and complexes provide an op-
portunity to gain a direct view of the network of distinct in-
teractions that underlie the molecular wiring of nucleosome
processing at the replication fork.

DATA AVAILABILITY

The analysis software used for this work is a home writ-
ten software package described in (46) and available upon
request. All single-molecule ALEX datasets measurements
used for histogram construction are provided in the Supple-
mentary Data.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online.

ACKNOWLEDGEMENTS

We thank Dirk Remus for sharing yeast strains, and many
helpful discussions. We thank Karim Labib for plasmid
pFJD5.
Author contributions: K.E.D. and B.S. designed and con-
ducted experiments and interpreted data, unless stated oth-
erwise. E.C. conducted the chromatin replication assays.
M.J.S. designed Tof1 truncations. L.R. assisted with protein
purifications. C.G. assisted with ALEX experiments. T.C.,
C.F.K. and K.E.D. supervised research. B.S. and K.E.D.
wrote the manuscript with input from all authors.

FUNDING

H2020 European Research Council [804098 to K.E.D.];
Max Planck Society; Deutsche Forschungsgemeinschaft
(DFG, German Research Foundation) [213249687 – SFB
1064 to C.F.K.]. Funding for open access charge: H2020 Eu-
ropean Research Council [804098].
Conflict of interest statement. None declared.

REFERENCES
1. Kornberg,R.D. (1977) Structure of chromatin. Annu. Rev. Biochem.,

46, 931–954.
2. McGhee,J.D. and Felsenfeld,G. (1980) Nucleosome structure. Annu.

Rev. Biochem., 49, 1115–1156.

3. Widom,J. (1989) Toward a unified model of chromatin folding. Annu.
Rev. Biophys. Biophys. Chem., 18, 365–395.

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

5. Ho,Y., Gruhler,A., Heilbut,A., Bader,G.D., Moore,L., Adams,S.L.,
Millar,A., Taylor,P., Bennett,K., Boutilier,K. et al. (2002) Systematic
identification of protein complexes in saccharomyces cerevisiae by
mass spectrometry. Nature, 415, 180–183.

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

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

8. Wang,T., Liu,Y., Edwards,G., Krzizike,D., Scherman,H. and
Luger,K. (2018) The histone chaperone FACT modulates nucleosome
structure by tethering its components. Life Sci. Allian., 1, 13.

9. 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., 21, 3491–3502.

10. Formosa,T., Eriksson,P., Wittmeyer,J., Ginn,J., Yu,Y.X. and
Stillman,D.J. (2001) Spt16-Pob3 and the HMG protein nhp6 combine
to form the nucleosome-binding factor SPN. EMBO J., 20,
3506–3517.

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

12. 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.

13. Keller,D.M. and Lu,H. (2002) P53 serine 392 phosphorylation
increases after UV through induction of the assembly of the CK2
center dot hSPT16 center dot SSRP1 complex. J. Biol. Chem., 277,
50206–50213.

14. O’Donnell,A.F., Brewster,N.K., Kurniawan,J., Minard,L.V.,
Johnston,G.C. and Singer,R.A. (2004) Domain organization of the
yeast histone chaperone FACT: the conserved N-terminal domain of
FACT subunit spt16 mediates recovery from replication stress.
Nucleic Acids Res., 32, 5894–5906.

15. Kemble,D.J., Whitby,F.G., Robinson,H., McCullough,L.L.,
Formosa,T. and Hill,C.P. (2013) Structure of the spt16 middle
domain reveals functional features of the histone chaperone FACT. J.
Biol. Chem., 288, 10188–10194.

16. Liu,Y., Zhou,K.D., Zhang,N.F., Wei,H., Tan,Y.Z., Zhang,Z.N.,
Carragher,B., Potter,C.S., D’Arcy,S. and Luger,K. (2020) FACT
caught in the act of manipulating the nucleosome. Nature, 577,
426–431.

17. Kemble,D.J., McCullough,L.L., Whitby,F.G., Formosa,T. and
Hill,C.P. (2015) FACT disrupts nucleosome structure by binding
H2A-H2B with conserved peptide motifs. Mol. Cell, 60, 294–306.

18. Burgers,P.M.J. and Kunkel,T.A. (2017) Eukaryotic DNA replication
fork. Annu. Rev. Biochem., 86, 417–438.

19. Lewis,J.S., Spenkelink,L.M., Schauer,G.D., Hill,F.R.,
Georgescu,R.E., O’Donnell,M.E. and van Oijen,A.M. (2017)
Single-molecule visualization of saccharomyces cerevisiae
leading-strand synthesis reveals dynamic interaction between MTC
and the replisome. Proc. Natl. Acad. Sci. USA., 114, 10630–10635.

20. Yeeles,J.T.P., Janska,A., Early,A. and Diffley,J.F.X. (2017) How the
eukaryotic replisome achieves rapid and efficient DNA replication.
Mol. Cell, 65, 105–116.

21. Evrin,C., Maman,J.D., Diamante,A., Pellegrini,L. and Labib,K.
(2018) Histone H2A-H2B binding by pol alpha in the eukaryotic
replisome contributes to the maintenance of repressive chromatin.
EMBO J., 37, e99021.

22. Li,Z., Hua,X., Serra-Cardona,A., Xu,X., Gan,S., Zhou,H.,
Yang,W.S., Chen,C.L., Xu,R.M. and Zhang,Z. (2020) DNA
polymerase alpha interacts with H3-H4 and facilitates the transfer of
parental histones to lagging strands. Sci. Adv., 6, eabb5820.

23. Bellelli,R., Belan,O., Pye,V.E., Clement,C., Maslen,S.L., Skehel,J.M.,
Cherepanov,P., Almouzni,G. and Boulton,S.J. (2018) POLE3-POLE4
is a histone H3-H4 chaperone that maintains chromatin integrity
during DNA replication. Mol. Cell, 72, 112–126.

D
ow

nloaded from
 https://academ

ic.oup.com
/nar/article/50/3/1317/6513577 by Technische U

niversitaet M
uenchen user on 25 M

arch 2025

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkac005#supplementary-data


Nucleic Acids Research, 2022, Vol. 50, No. 3 1333

24. Yu,C., Gan,H., Serra-Cardona,A., Zhang,L., Gan,S., Sharma,S.,
Johansson,E., Chabes,A., Xu,R.M. and Zhang,Z. (2018) A
mechanism for preventing asymmetric histone segregation onto
replicating DNA strands. Science, 361, 1386–1389.

25. Groth,A., Corpet,A., Cook,A.J.L., Roche,D., Bartek,J., Lukas,J. and
Almouzni,G. (2007) Regulation of replication fork progression
through histone supply and demand. Science, 318, 1928–1931.

26. Huang,H.D., Stromme,C.B., Saredi,G., Hodl,M., Strandsby,A.,
Gonzalez-Aguilera,C., Chen,S., Groth,A. and Patel,D.J. (2015) A
unique binding mode enables MCM2 to chaperone histones H3-H4
at replication forks. Nat. Struct. Mol. Biol., 22, 618–626.

27. Richet,N., Liu,D., Legrand,P., Velours,C., Corpet,A., Gaubert,A.,
Bakail,M., Moal-Raisin,G., Guerois,R., Compper,C. et al. (2015)
Structural insight into how the human helicase subunit MCM2 may
act as a histone chaperone together with ASF1 at the replication fork.
Nucleic Acids Res., 43, 1905–1917.

28. Gan,H., Serra-Cardona,A., Hua,X., Zhou,H., Labib,K., Yu,C. and
Zhang,Z. (2018) The mcm2-ctf4-polalpha axis facilitates parental
histone H3-H4 transfer to lagging strands. Mol. Cell, 72, 140–151.

29. Petryk,N., Dalby,M., Wenger,A., Stromme,C.B., Strandsby,A.,
Andersson,R. and Groth,A. (2018) MCM2 promotes symmetric
inheritance of modified histones during DNA replication. Science,
361, 1389–1392.

30. 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.

31. Devbhandari,S., Jiang,J.Q., Kumar,C., Whitehouse,I. and Remus,D.
(2017) Chromatin constrains the initiation and elongation of DNA
replication. Mol. Cell, 65, 131–141.

32. Belotserkovskaya,R., Oh,S., Bondarenko,V.A., Orphanides,G.,
Studitsky,V.M. and Reinberg,D. (2003) FACT facilitates
transcription-dependent nucleosome alteration. Science, 301,
1090–1093.

33. Hsieh,F.K., Kulaeva,O.I., Patel,S.S., Dyer,P.N., Luger,K.,
Reinberg,D. and Studitsky,V.M. (2013) Histone chaperone FACT
action during transcription through chromatin by RNA polymerase
iI. Proc. Nat. Acad. Sci. U.S.A., 110, 7654–7659.

34. Takahata,S., Yu,Y.X. and Stillman,D.J. (2009) FACT and asf1
regulate nucleosome dynamics and coactivator binding at the HO
promoter. Mol. Cell, 34, 405–415.

35. Farnung,L., Ochmann,M., Engeholm,M. and Cramer,P. (2021)
Structural basis of nucleosome transcription mediated by Chd1 and
FACT. Nat. Struct. Mol. Biol., 28, 382–387 .

36. Gambus,A., Jones,R.C., Sanchez-Diaz,A., Kanemaki,M., van
Deursen,F., Edmondson,R.D. and Labib,K. (2006) GINS maintains
association of cdc45 with MCM in replisome progression complexes
at eukaryotic DNA replication forks. Nat. Cell Biol., 8, 358–366.

37. 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 components cooperate to process histones during
chromosome replication. Cell Rep., 3, 892–904.

38. Chen,P., Dong,L.P., Hu,M.L., Wang,Y.Z., Xiao,X., Zhao,Z.L.,
Yan,J., Wang,P.Y., Reinberg,D., Li,M. et al. (2018) Functions of
FACT in breaking the nucleosome and maintaining its integrity at the
single-nucleosome level. Mol. Cell, 71, 284–293.

39. Valieva,M.E., Armeev,G.A., Kudryashova,K.S., Gerasimova,N.S.,
Shaytan,A.K., Kulaeva,O.I., McCullough,L.L., Formosa,T.,
Georgiev,P.G., Kirpichnikov,M.P. et al. (2016) Large-scale
ATP-independent nucleosome unfolding by a histone chaperone. Nat.
Struct. Mol. Biol., 23, 1111–1116.

40. Miller,T.C.R. and Costa,A. (2017) The architecture and function of
the chromatin replication machinery. Curr. Opin. Struc. Biol., 47,
9–16.

41. Devbhandari,S. and Remus,D. (2020) Rad53 limits CMG helicase
uncoupling from DNA synthesis at replication forks. Nat. Struct.
Mol. Biol., 27, 461–471.

42. Yeeles,J.T.P., Deegan,T.D., Janska,A., Early,A. and Diffley,J.F.X.
(2015) Regulated eukaryotic DNA replication origin firing with
purified proteins. Nature, 519, 431–435.

43. Lowary,P.T. and Widom,J. (1998) New DNA sequence rules for high
affinity binding to histone octamer and sequence-directed
nucleosome positioning. J. Mol. Biol., 276, 19–42.

44. Luger,K., Rechsteiner,T.J. and Richmond,T.J. (1999) Expression and
purification of recombinant histones and nucleosome reconstitution.
Methods Mol. Biol., 119, 1–16.

45. Gebhardt,C., Lehmann,M., Reif,M.M., Zacharias,M.,
Gemmecker,G. and Cordes,T. (2021) Molecular and spectroscopic
characterization of green and red cyanine fluorophores from the
Alexa Fluor and AF series. Chemphyschem, 22, 1566–1583.

46. Gouridis,G., Schuurman-Wolters,G.K., Ploetz,E., Husada,F.,
Vietrov,R., de Boer,M., Cordes,T. and Poolman,B. (2015)
Conformational dynamics in substrate-binding domains influences
transport in the ABC importer GlnPQ. Nat. Struct. Mol. Biol., 22,
57–64.

47. Schneider,C.A., Rasband,W.S. and Eliceiri,K.W. (2012) NIH image
to imagej: 25 years of image analysis. Nat. Methods, 9, 671–675.

48. Huertas,J. and Cojocaru,V. (2020) Breaths, twists, and turns of
atomistic nucleosomes. J. Mol. Biol., 433, 166744.

49. Voith von Voithenberg,L. and Lamb,D.C. (2018) Single pair Förster
resonance energy transfer: a versatile tool to investigate protein
conformational dynamics. Bioessays, 40, 1700078.

50. Hohlbein,J., Craggs,T.D. and Cordes,T. (2014) Alternating-laser
excitation: single-molecule FRET and beyond. Chem. Soc. Rev., 43,
6472–6472.

51. Leung,A., Cheema,M., Gonzalez-Romero,R., Eirin-Lopez,J.M.,
Ausio,J. and Nelson,C.J. (2016) Unique yeast histone sequences
influence octamer and nucleosome stability. FEBS Lett., 590,
2629–2638.

52. Batra,J., Xu,K. and Zhou,H.X. (2009) Nonadditive effects of mixed
crowding on protein stability. Proteins, 77, 133–138.

53. Shahid,S., Ahmad,F., Hassan,M.I. and Islam,A. (2019) Mixture of
macromolecular crowding agents has a Non-additive effect on the
stability of proteins. Appl. Biochem. Biotech., 188, 927–941.

54. Torigoe,S.E., Patel,A., Khuong,M.T., Bowman,G.D. and
Kadonaga,J.T. (2013) ATP-dependent chromatin assembly is
functionally distinct from chromatin remodeling. Elife, 2, e00863.

55. Vlijm,R., Kim,S.H., De Zwart,P.L., Dalal,Y. and Dekker,C. (2017)
The supercoiling state of DNA determines the handedness of both
H3 and CENP-A nucleosomes. Nanoscale, 9, 1862–1870.

56. Vlijm,R., Smitshuijzen,J.S., Lusser,A. and Dekker,C. (2012)
NAP1-assisted nucleosome assembly on DNA measured in real time
by single-molecule magnetic tweezers. PLoS One, 7, e46306.

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

58. Ruone,S., Rhoades,A.R. and Formosa,T. (2003) Multiple nhp6
molecules are required to recruit spt16-pob3 to form yFACT
complexes and to reorganize nucleosomes. J. Biol. Chem., 278,
45288–45295.

59. Ploetz,E., Lerner,E., Husada,F., Roelfs,M., Chung,S., Hohlbein,J.,
Weiss,S. and Cordes,T. (2016) Förster resonance energy transfer and
protein-induced fluorescence enhancement as synergetic multiscale
molecular rulers. Sci Rep, 6, 33257.

60. Han,J., Li,Q., McCullough,L., Kettelkamp,C., Formosa,T. and
Zhang,Z. (2010) Ubiquitylation of FACT by the cullin-E3 ligase
rtt101 connects FACT to DNA replication. Genes Dev., 24,
1485–1490.

61. Miles,J. and Formosa,T. (1992) Evidence that POB1, a saccharomyces
cerevisiae protein that binds to DNA polymerase a, acts in DNA
metabolism in vivo. Mol. Cell. Biol., 12, 5724–5735.

62. Noguchi,C., Rapp,J.B., Skorobogatko,Y.V., Bailey,L.D. and
Noguchi,E. (2012) Swi1 associates with chromatin through the DDT
domain and recruits swi3 to preserve genomic integrity. PLoS One. 7,
e43988,

63. Baretic,D., Jenkyn-Bedford,M., Aria,V., Cannone,G., Skehel,M. and
Yeeles,J.T.P. (2020) Cryo-EM structure of the fork protection complex
bound to CMG at a replication fork. Mol. Cell, 78, 926–940.

64. Schalbetter,S.A., Mansoubi,S., Chambers,A.L., Downs,J.A. and
Baxter,J. (2015) Fork rotation and DNA precatenation are restricted
during DNA replication to prevent chromosomal instability. Proc.
Nat. Acad. Sci. U.S.A., 112, E4565–E4570.

65. Shyian,M., Albert,B., Zupan,A.M., Ivanitsa,V., Charbonnet,G.,
Dilg,D. and Shore,D. (2020) Fork pausing complex engages
topoisomerases at the replisome. Genes Dev., 34, 87–98.

D
ow

nloaded from
 https://academ

ic.oup.com
/nar/article/50/3/1317/6513577 by Technische U

niversitaet M
uenchen user on 25 M

arch 2025



1334 Nucleic Acids Research, 2022, Vol. 50, No. 3

66. Westhorpe,R., Keszthelyi,A., Minchell,N.E., Jones,D. and Baxter,J.
(2020) Separable functions of tof1/timeless in intra-S-checkpoint
signalling, replisome stability and DNA topological stress. Nucleic
Acids Res., 48, 12169–12187.

67. Park,H. and Sternglanz,R. (1999) Identification and characterization
of the genes for two topoisomerase I-interacting proteins from
saccharomyces cerevisiae. Yeast, 15, 35–41.

68. Husain,A., Begum,N.A., Taniguchi,T., Taniguchi,H., Kobayashi,M.
and Honjo,T. (2016) Chromatin remodeller SMARCA4 recruits
topoisomerase 1 and suppresses transcription-associated genomic
instability. Nat. Commun., 7, 10549.

69. Mayanagi,K., Saikusa,K., Miyazaki,N., Akashi,S., Iwasaki,K.,
Nishimura,Y., Morikawa,K. and Tsunaka,Y. (2019) Structural
visualization of key steps in nucleosome reorganization by human
FACT. Sci. Rep., 9, 10183.

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

71. 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.

72. Formosa,T. and Winston,F. (2020) The role of FACT in managing
chromatin: disruption, assembly, or repair?Nucleic Acids Res., 48,
11929–11941.

73. Li,G., Levitus,M., Bustamante,C. and Widom,J. (2005) Rapid
spontaneous accessibility of nucleosomal DNA. Nat. Struct. Mol.
Biol., 12, 46–53.

74. VanDemark,A.P., Xin,H., McCullough,L., Rawlins,R., Bentley,S.,
Heroux,A., Stillman,D.J., Hill,C.P. and Formosa,T. (2008) Structural
and functional analysis of the spt16p N-terminal domain reveals
overlapping roles of yFACT subunits. J. Biol. Chem., 283, 5058–5068.

75. Prendergast,L., Hong,E., Safina,A., Poe,D. and Gurova,K. (2020)
Histone chaperone FACT is essential to overcome replication stress in
mammalian cells. Oncogene, 39, 5124–5137.

76. 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. Nat. Acad. Sci.
U.S.A., 105, 8884–8889.

77. Scherr,M.J., Safaric,B. and Duderstadt,K.E. (2018) Noise in the
machine: alternative pathway sampling is the rule during DNA
replication. Bioessays, 40, 1700159.

78. Tomasello,G., Armenia,I. and Molla,G. (2020) The protein imager: a
full-featured online molecular viewer interface with server-side
HQ-rendering capabilities. Bioinformatics, 36, 2909–2911.

D
ow

nloaded from
 https://academ

ic.oup.com
/nar/article/50/3/1317/6513577 by Technische U

niversitaet M
uenchen user on 25 M

arch 2025


