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that they are flexibly positioned relative to the
CAF-1 core and that their interactions with
H3-H4, if any, are dynamic and/or heteroge-
neous. There is also no density for a 30-bp
DNA oligomer (DNA30), which was added as a
buffering reagent to alleviate histone precipi-
tation at low-salt concentrations during cryo-
EM sample preparation.

All three subunits of CAF-1 are involved in
direct interaction with the H3-H4 heterodimer
(Fig. 2, A and B). Compared with the crystal
structure, the p48 and p60 modules showed
little changes, but a large rearrangement of
their relative positioning occurred (Fig. 2C and
movie S1). Superimposing p60 from the two
structures as a reference, p48 is rotated and
located further away from p60 in the apo crys-
tal structure than in the complex with H3-H4.
For example, two p150 a4s from the two struc-
tures are located ~70 Å apart (Fig. 2C and
movie S1). Through this substantial conforma-
tional change upon H3-H4 binding, the NTR1
region of p150 that interacted with p48 be-
comes largely disordered, with only a portion
of a1 remaining visible. The linker between
NTR1 and NTR2 is also disordered, but NTR2
binds p48 in the same manner as in the apo

structure (Fig. 2B). The ~50-residue loop con-
necting NTR and CTR of p150, including the
highly negatively charged ED loop, becomes
ordered upon H3-H4 binding (Fig. 2A and



of the ED-loop residues are negatively charged,
and they interact with H3-H4 following a trail
of positively charged residues located on the
curved back of the H3-H4 heterodimer, which
is mainly formed by the a1 helices of H3 and
H4 that are normally involved in binding DNA
in the nucleosome (Fig. 3A). The charge inter-
action between the ED loop of p150 and H3-H4
is somewhat reminiscent of that between the
histone chaperone domain of MCM2 and H3-
H4 (fig. S6A) (37–39), indicating a common
strategy for safeguarding H3-H4 from pro-
miscuous interaction with DNA during DNA
replication. The vast overlapping binding area
of CAF-1 and MCM2 on H3-H4 may protect
their binding fidelity toward nascent and pa-
rental histone H3-H4s, respectively (40).

The main-chain model of the 32-residue,
surface-exposed ED loop fits the continuous
cryo-EM map well, but weaker side-chain den-
sities limited precise identification of specific
interactions between the ED loop and histo-
nes H3-H4 (fig. S5B). To circumvent this prob-
lem, we carried out bloc mutations on both the
ED loop and histones to test their interactions.
The N- and C-terminal halves of the ED loop,
ED-N1 (residues 601 to 617) and ED-C1 (resi-
dues 618 to 632), and a longer C-terminal frag-
ment, ED-C2 (residues 617 to 646) that includes
a5A, were replaced with equal-length GS linkers,
which are tandem penta-peptide repeats con-
sisting of four contiguous glycine residues and
a serine (Fig. 3A). Helix a5A interacts with the
a1-a2 loop of H3 and the a2-a3 loop of H4 (Fig.
2D). GST-pulldown (Fig. 3B) and in vitro super-
coiling (Fig. 3C and fig. S6B) assays showed
that the ED-C1GS and ED-C2GS substitutions
weakened the histone binding and nucleosome
assembly abilities of CAF-1, to degrees comparable
to that when the entire ED-loop was substituted
(EDGS), whereas the ED-N1GS substitution dis-
played less appreciable effects. Amino acid sub-
stitution of four negatively charged residues in
ED-C1 [denoted 4mut, with substitutions E628K
(Glu628→Lys), D629N, E630K, and D632G] dis-
played even weaker effects in the GST-pulldown
and supercoiling analyses (Fig. 3, B and C).
Furthermore, because ED-N1 mainly interacts
with histone H4 and ED-C1 and ED-C2 with
H3 (Fig. 3A), we probed reciprocal interactions
using H3 and H4 mutants. Alanine substitu-
tions of the ED loop–interacting residues Arg63,
Arg69, and Arg83 of histone H3 (H3-3A) and
Arg35, Arg39, and Lys44 of histone H4 (H4-3A)





formation by a histone H3-H4 chaperone, which
differs from the mechanisms of maintaining
H3-H4 in a dimeric form through the blocking
of the dimerization interface by other H3-H4
chaperones (51).

Assembly of two nascent H3-H4 dimers into
a tetramer has important implications for epi-
genetic inheritance, and the prevailing as-
sumption is that H3-H4 heterodimers bound

by two CAF-1 complexes will be spontaneously
assembled into a tetramer (24). We observed a
small percentage of particles with two CAF-1s
bound to two H3-H4 heterodimers in the cryo-
EM samples of both the LC and full-length
complexes of CAF-1 bound to H3-H4 (figs. S3
and S4). The cryo-EM map calculated from
combining the CAF-1 LC and FC datasets has
an overall resolution of 4.6 Å, allowing reliable

placement of two CAF-1–H3-H4 complexes
(Fig. 5A and figs. S3 and S4). A SEC-MALS
(size exclusion chromatography coupled to
multiangle light scattering) analysis shows
that the addition of 30-bp DNA, which was
used in our cryo-EM sample preparation, pro-
moted the dimerization of CAF-1–H3-H4 com-
plexes, regardless of whether the MC, LC, or
FC complex of CAF-1 was used (Fig. 5B and fig.
S8). As in the cryo-EM reconstruction of the
monomeric CAF-1–H3-H4 complex, we do not
see the density of DNA here either. The struc-
ture shows that a pseudo twofold symmetry
relates the two CAF-1–H3-H4 complexes. In
this arrangement, the two p60s are juxtaposed,
and a positively charged surface patch located
on the side of the p60 propeller, which is
formed by residues from the loop segments
C-terminal to the b4 strands of blades 1 and 2
and the b3-b4 loop of blade 3, contacts the
C-terminal portion of a2 of H4 from the other
complex (Fig. 5C). The homodimerization
interface on two H3s are facing each other
but not oriented in the same way as in an H3-
H4 tetramer (Fig. 5D). The two H3-H4 hetero-
dimers in the structure appear to be “nearly”
able to form a tetramer, but it is obstructed
by the presence of p60. A remodeling of the
observed p60-histone interaction, perhaps
with the help of a longer DNA, would fulfill
the assembly of an H3-H4 tetramer, which is
believed to be the unit for CAF-1 deposition
(8, 35, 52).

CAF-1 facilitates the assembly of a
right-handed ditetrasome

Deposition of H3-H4 onto DNA by CAF-1 is
believed to lead the formation of a tetrasome
containing DNA and an H3-H4 tetramer. To
gain further insights, we tried tetrasome as-
sembly for structural characterization by salt
dialysis in vitro. We initially dialyzed CAF1-LC,
histone H3-H4, and a 147-bp Widom 601 DNA
together from 2 M to 50 mM NaCl, and two
major peaks, peak 1 and peak 2, appeared in
cryo-EM sample preparation by GraFix (fig.
S9A). From the peak 1 sample, the structures
of a left-handed ditetrasome and a CAF-1–
bound right-handed ditetrasome were deter-
mined at 3.5- and 3.8-Å resolutions, respec-
tively (fig. S9, B to F; and table S2). The peak
2 sample predominantly shows a right-handed
ditetrasome bound by two CAF-1 complexes,
and the structure was determined at 5.6 Å
(fig. S10 and table S2). The left-handed di-
tetrasome structure is nearly identical to the
recently reported H3-H4 octasome structure
(53); hence, we will not discuss it further here.
We then repeated the cryo-EM procedures using
the full-length CAF-1 complex and obtained
similar results (fig. S11 and table S3). Cryo-EM
reconstructions of a right-handed ditetrasome
with one and two CAF-1 bound were obtained
at 3.8- and 6.6-Å resolutions, respectively. Both
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Fig. 4. Interactions between p60 and histone H3-H4. (A) Histone H4–p60 interaction at the center of the
ventral surface of p60. Involved residues are shown in a stick model. Magenta dashed lines indicate potential
hydrogen bonds. Tyr88 of H4, which is situated in the central basin of the ventral face of p60, is superimposed
with a dots model. F, Phe; P, Pro; Q, Gln; Y, Tyr. (B) Cell proliferation activity of WT p60 and the D86N
mutation assayed in the same was as in Fig. 3D. Error bars represent SEM from three biological replicates.
(C) Heatmaps showing differentially expressed genes (DEGs) in p60-depleted and rescued cells versus
WT-AID HAP1 cells. Two biological replicates were performed for each experiment. The bottom panel shows the
rescue ratios of transcriptional changes, which is defined as 1 − [#(A∩B)]/[#(A)], where A is the set of DEGs
from p60 depletion and B is the set of DEGs from rescue expression of WT or D86N p60 constructs. The
# function gives the number of genes in the set. (D) Interaction between histone H3 (dark blue) and p60. Histones
H3-H4 are drawn in a cartoon model, with involved H3 residues depicted in a stick model. p60 is shown in a
surface model colored according to electrostatic potential (negative, red; neutral, white; positive, blue) with the
display range of −3 to +3 kBT/e, where kB is the Boltzmann constant and T and e are the temperature and
electron charge in SI units, respectively. (E) Docking of a second CAF-1–H3-H4 complex (p60′, orange; H3′, light
blue; H4′, light green) to model the formation of a H3-H4 tetramer between the H3′-H4′ heterodimer and the
H3-H4 heterodimer from the first CAF-1–H3-H4 complex, which is colored as in Fig. 2B, results in steric clashes
between H4′ and p60 (indicated with a dashed oval), and p60′ with p60 and H4. The black triangle indicates
the H3-H3′ dimerization interface. p150 and p48 have been removed for viewing clarity.
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of H3-H4 tetramers because of steric clashes.
Hence, discrete particles of ditetrasomes will
be assembled on a long DNA. The extra den-
sity bound to p60 is consistent with being
the b6-a6-b7 cassette of p150 CTR, which oc-
cupies the same location as p60 in the apo
CAF-1 crystal structure and in the structure of
CAF-1 bound to H3-H4; however, the rest of
p150 and the entire p48 are missing (Fig.
6A). This observation suggests sizable con-
formational changes of CAF-1 upon deposi-
tion of H3-H4 onto DNA. A 5.6-Å resolution
cryo-EM density map from the peak 2 sam-
ple shows the presence of two chunks of
density clinging to the right-handed ditetra-
some (fig. S10 and table S2), suggesting sym-
metric positioning of two p60-p150 units on
both sides of the right-handed ditetrasome
surface (fig. S10E). Finally, another distinct
class of particles from peak 2 has a bigger
lump of density bound to one side of a right-
handed ditetrasome, resembling the presence
of both p48 and p60 WD40 domains, but the
low resolution of the map prevents further de-
tails from being elucidated (fig. S10C).

A nucleosome assembly intermediate, termed
chromatin precursor, that consists of CAF-1,
replicated DNA, and H3-H4 was previously
predicted (8). It is surprising that we find a
CAF-1–bound right-handed DNA ditetrasome
in our in vitro assembly by salt dialysis. To ex-
clude the possibility of an artifact from salt
dialysis, we used a single-molecule freely or-
biting magnetic tweezer (FOMT) method to
investigate the handedness of DNA wrapping
at a salt concentration of 50 mM KCl. Our ex-
perimental setup, analogous to that described
in Vlijm et al. (54), ihe



and characterize the physiological roles of right-
handed DNA wrapping by CAF-1.

Materials and methods
Plasmid construction

Recombinant CAF-1 subunits were produced
in insect cells using baculoviruses prepared from
modified vectors of pFastBac1 (Invitrogen). Plas-
mids carrying an N-terminal fusion of GST to
p150 and a C-terminal fusion of 6×His tag to
p60 and p48 were constructed by standard
methods. A PreScission protease cleavage site
was engineered between the GST tag and the
p150 fragment. For large-scale production of
full-length CAF-1 for structural and functional
analyses, cDNA of full-length human p150 was
subcloned into a modified pMlink vector con-
taining N-terminal Protein A tag, and cDNAs
for p60 and p48 were subcloned into pMlink
vector without tags. A PreScission protease cleav-
age site was engineered between the Protein A
tag and the p150 gene. Production of full-length
human histones H3.1 and H4 in bacteria was
performed using a bicistronic plasmid con-
structed with the pCDFDuet1 vector (Novagen).
Truncation variants or point mutants of p150
and p60 and histones H3.1 or H4 were gen-
erated with the KOD-Plus-Mutagenesis kit
(TOYOBO, SMK-101) following the manufac-
turer’s protocols. All constructs were verified
by DNA sequencing.

To convert the original AID system to AID2
(44), a point mutation was introduced into the
OsTIR1 cDNA sequence in pMK232 (CMV-OsTIR1-
PURO, Addgene, no. 72834). The OsTIR1(F74G)
cDNA sequence was cloned into AAVS1-Neo-
CAG-Flpe-ERT2 (Addgene, no. 68460) by Seam-
less Cloning (Beyotime) to replace the Flpe-ERT2
sequence. The spacer sequence targeting AAVS1
was cloned into lentiCRISPRv2 (Addgene, no.
52961) following the instructions by the inven-
tors. An AID-P2A-PuroR-tag was knocked-in im-
mediately before the stop codon of p150 or p60
by CRISPR-Cas9–mediated homologous recom-
bination. The construction of the repair tem-
plate donor plasmid for the p150-AID knock-in
was described previously (59), and the donor plas-
mid for the p60-AID knock-in was constructed
accordingly. The spacer sequences targeting
p150 and p60were cloned into lentiCRISPRv2.
For the p150 and p60 rescue experiments, full-
length p150 or p60 cDNA was cloned into pCW-
Cas9 (Addgene, no. 50661) by Seamless Cloning
to replace the original spCas9 sequence, and
blasticidin resistance was generated by replacing
PuroR with blasticidin S deaminase sequence,
which was subcloned from plasmid lenti dCAS-
VP64_Blast (Addgene, no. 61425). p150 and p60
mutant constructs were generated by mutagene-
sis polymerase chain reaction (PCR).

Protein expression and purification

CAF-1 proteins were expressed in Sf21 cells using
the Bac-to-Bac baculovirus expression system

(Invitrogen). WT or various mutant CAF-1 com-
plexes were produced by suspension cell culture
coinfected with recombinant baculoviruses for
each subunit following the manufacture’s pro-
tocol. The full-length CAF-1 complex was also
expressed using human embryonic kidney 293F
(HEK293F) cells. A total of 500 ml of HEK293F
cells was transfected with 0.5 mg of plasmids
of three CAF-1 subunits (1:1:1 molar ratio) plus
2 mg of linear polyethylenimine. The cell cul-
ture was harvested 48 hours after transfection
at 37°C.

The expressed CAF-1 middle domain com-
plex (CAF1-MC) contains GST-tagged p150M
(residues 442 to 714), p60DC-His, and p48-His,
and the complex was purified first by resus-
pension of cell pellets in five volumes of the
lysis buffer containing 20 mM Tris-HCl, pH 7.5,
500 mM NaCl, 5 mM imidazole, 1 mM phenyl-
methylsulphonyl fluoride (PMSF) and the pro-
tease inhibitor cocktail, before lysis by sonication.
Cell debris was removed by centrifugation, and
the cleared supernatant was incubated with Ni-
NTA agarose resins for 30 min at 4°C, followed
by washing the resins three times with the lysis
buffer. The bound proteins were eluted with
500 mM imidazole in the lysis buffer. Immedi-
ately following the elution, 1 mM each of EDTA
and dithiothreitol (DTT) were added to the Ni-
NTA eluate, which was then incubated with
glutathione (GSH) sepharose resins (GE Health-
care) preequilibrated in buffer A-500 (20 mM
Tris-HCl, pH 7.5, 500 mM NaCl, 1 mM EDTA,
and 1 mM DTT) for 2 hours. The loaded GSH
resins were washed three times with buffer A-500,
followed by elution of the bound proteins with
the addition of 30 mM GSH. The GST-tag was
cleaved by PreScission protease during dialysis
to 100 mM NaCl overnight, and the sample was
further purified on a Q column (GE Healthcare)
with a linear 0.1 to 2 M NaCl gradient. Eluted
fractions were analyzed by SDS–polyacrylamide
gel electrophoresis (SDS-PAGE), and those highly
enriched with CAF1-MC were pooled and con-
centrated and loaded onto a HiLoad 16/60
Superdex 200 column (GE Healthcare) in buffer
A-500. Elution fractions containing highly pu-
rified CAF1-MC were pooled and concentrated
to ~20 mg/ml by ultrafiltration and stored at
−80°C before use.

The larger CAF-1 complex (CAF1-LC) contain-
ing the p150L (residues 442-853) fragment, which
includes the WHD domain, was purified fol-
lowing a similar procedure, except that the ion-
exchange column chromatography step was
omitted. Full-length CAF-1 complex (CAF1-FC)
supernatant was incubated with immunoglo-
bulin G (IgG) beads for 2 hours, and unbound
proteins were extensively washed away with
buffer A-500. The fusion proteins were digested
using PreScission protease overnight to remove
tags, and the complex was eluted with buffer
A-500. The eluted proteins were further puri-
fied using a Superose 6 increase 10/300 GL (GE

Healthcare) size-exclusion column in buffer
A-2000, which contains 2 M NaCl. C-terminal
6×His-tagged p48 and p60DC proteins were
purified through successive Ni-NTA, respective
ion-exchanges with Q and Heparin columns,
and HiLoad 16/60 Superdex 200 sizing col-
umn steps.

WT and mutant human histone H3.1-H4 com-
plexes were coexpressed using the pCDFDuet1-
H3.1-H4 plasmid in Escherichia coli BL21
CodonPlus (DE3) RIL cells. Protein produc-
tion was induced with 0.5 mM isopropyl-b-D-
thiogalactopyranoside (IPTG) at 37°C for 4 hours.
Histone complexes were first purified through
a 5-ml SP column (GE Healthcare), followed by
purification through a gel-filtration column
at 2 M NaCl.

Crystallization

Initial small and thin-plate-shaped crystal clus-
ters of the CAF1-MC complex were grown by
sitting-drop vapor-diffusion at 20°C with 1.0 ml
of protein solution (7 to 10 mg/ml) mixed with
1.0 ml of reservoir solution containing 8% (v/v)
Tacsimate, pH 6.0, and 20% (w/v) PEG 3350.
Multiple rounds of crystallization condition
optimization yielded larger crystals in the res-
ervoir solution containing 7% Tacsimate, pH 6.0,
22% (w/v) PEG 3350, 0.12 M lithium citrate, and
0.05 M sodium tartrate by hanging-drop vapor-
diffusion at 4°C. Streak-seeding of previous
optimized crystals into a protein-reservoir
solution mixture at half of the protein concen-
tration (3 to 5 mg/ml) preincubated overnight
against reservoir solutions with 15 to 25% (w/v)
PEG3350 and 0 to 0.2 M sodium tartrate was
used to further improve the crystal quality. Sin-
gle, thick crystals were obtained in a condition
with 7% Tacsimate, pH 6.0, 18% (w/v) PEG
3350, 0.12 M lithium citrate, and 0.13 M sodium
tartrate after 3 to 5 days. Cryogenic data collec-
tion was performed with cryoprotectants pre-
pared by supplementing the crystallization
mother liquor with 15% glycerol.

X-ray diffraction data collection, structure
determination, and refinement

Diffraction data were collected at the Shanghai
Synchrotron Radiation Facility (SSRF) beam-
line BL17U equipped with a Quantum 315r CCD
detector (ADSC) using a wavelength of 0.97915 Å
or beamline BL19U using Pilatus 6M detector
at a wavelength of 0.97853 Å. Data were pro-
cessed using the HKL2000 software package
(60). Most of the crystals belong to the C2221

space group, whereas a small percentage have
a P21 or a C2 space group. The C2221, P21, and
C2 crystals diffracted to 3.5-, 3.6-, and 3.4-Å
resolutions, respectively. The C2221 structure
was determined by molecular replacement (MR)
with PHASER (61) using the crystal structures of
human p48/RBBP4 [Protein Data Bank (PDB)
ID 3GFC] and the human WD40-repeat pro-
tein Ciao1 (PDB ID 3FM0) as the search models.
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Refinement of the MR solution gave rise to
unambiguous extra densities attributable to
p150 near p48 and p60. An initial model of
CAF1-MC was manually built with COOT (62),
and the model was improved by iterative cy-
cles of refinement with PHENIX (63) and model
adjustment. The refined model has Rwork and
Rfree values of 0.225 and 0.257, respectively, and
good stereochemical quality, with 96.8 and 3.2%
of the residues in the favored and allowed re-
gions of Ramachandran plot, respectively. The
ordered structure contains residues 463 to 713
of p150, residues 1 to 394 of p60, and residues
7 to 411 of p48. Internal disordered segments
of p150 spanning residues 607 to 657, which is
highly enriched with acidic residues, and res-
idues 100 to 111 of p60 are not included in the
final model. The structures from the other two
crystal forms were subsequently solved by mo-
lecular replacement using the C2221 structure
as a search model. Finally, the models were
validated with MolProbity (64). Detailed sta-
tistics for data collection and structure refine-
ment are shown in table S1.

DNA preparation

A 30-bp double-stranded DNA fragment (DNA30)
was prepared by annealing two high-performance
liquid chromatography (HPLC)–grade chemi-
cally synthesized complementary DNA strands
(forward: 5′-GTAATCCCCTTGGCGGTTAAAA-
CGCGGGGG-3′; and reverse: 5′-CCCCCGCGTTTT-
AACCGCCAAGGGGATTAC-3′) in the annealing
buffer (10 mM HEPES, pH 7.5, 100 mM NaCl,
and 5 mM MgCl2) at a concentration of 20 mM
by ramping temperature down from 95° to 4°C
at a rate of 0.1°C/s.

The 147-bp Widom 601 (W601) DNA was
produced in E. coli following a published pro-
cedure (65, 66). Briefly, tandem copies of the
147-bp W601 DNA fragment were inserted into a
pEGFP-N1 vector (Addgene), and recombinant
plasmids were produced in large bacterial cul-
ture. The 147-bp DNA was excised from the plas-
mid by EcoRV digestion, isolated by polyethylene
glycol (PEG) precipitation, and further purified
through ethanol precipitation. The sequence of
the 147-bp W601 DNA is 5′-CTGGAGAATCCC-
GGTGCCGAGGCCGCTCAATTGGTCGTAGACA-
GCTCTAGCACCGCTTAAACGCACGTACGCG-
CTGTCCCCCGCGTTTTAACCGCCAAGGGG-
ATTACTCCCTAGTCTCCAGGCACGTGTCAC-
ATATATACATCCTGT-3′.

Cryo-EM sample preparation

The CAF-1 complex with the p150L fragment
encompassing the WHD domain (CAF1-LC) and
histones H3-H4 were mixed at a 1:2.5 molar
ratio in buffer A-500, followed by incubation on
ice for 30 min, purification through a HiLoad
16/60 Superdex 200 column to remove exces-
sive histones, and concentration of the purified
complex to ~10 mg/ml. The preassembled CAF1-
LC–H3-H4 complex and DNA30 were then mixed

at a molar ratio of 1:1.5 in buffer A-500, and
then dialyzed to buffer B (20 mM HEPES, pH 7.5,
50 mM NaCl, and 1 mM DTT) at 4°C for 36 hours.
Preparation of the CAF1-FC–H3-H4-DNA30 com-
plex is similar to that of the CAF1-LC complex,
except that a Superose 6 increase 10/300 GL
column (GE Healthcare) is used for the sizing
column.

Preparation of the complexes of CAF-1, H3-
H4, and W601 DNA (DNA147) was performed
by mixing WT or truncation variants of CAF-1,
histones H3-H4, and DNA147 at a 1:2.5:1 molar
ratio in buffer A-2000 and dialyzed to buffer B
at 4°C in 36 hours.

The four samples above, with concentrations
at ~1 mg/ml and a volume of 200 ml each, were
subjected to glutaraldehyde cross-linking during
GraFix (67). Specifically, the sample was sub-
jected to a 12-ml linear 10 to 30% glycerol gra-
dient in buffer B supplemented with 0 to 0.15%
EM-grade glutaraldehyde (Sigma-Aldrich). After
centrifugation at 4°C for 16 hours at 38,000 rpm
in an SW40 rotor (Beckman Coulter), the sam-
ple was manually fractionated into 25 aliquots
of 500 ml each from top to bottom using pipettes.
The fractions were analyzed on an 8% denatur-
ing polyacrylamide gel, and cross-linked fractions
were further examined by negative-staining
EM for particle homogeneity.

Suitable fractions were dialyzed to buffer A-50,
which is identical to A-500 except that the NaCl
concentration is changed to 50 mM, and cryo-EM
specimens were prepared using the 300 mesh
R2/1 CryoMatrix/Amorphous alloy film grid
(Zhenjiang Lehua Technology Co, Ltd.) for the
CAF1-LC–H3-H4–DNA30,CAF1-FC–H3-H4–DNA30,
and CAF1-LC–H3-H4–DNA147 samples and the
300 mesh Quantifoil R2/1 gold grid for the
CAF1-LC–H3-H4–DNA147 sample. The grids were
treated with the Gatan Model 950 Advanced
Plasma system using O2/Ar for 60 s. A 3-ml aliquot
of the sample at a concentration of ~0.4 mg/ml
was applied to glow-discharged grids. After incu-
bation for 10 s, excess sample was blotted with
filterpaper(diameter55mm,Whatman,GEHealth-
care) for 3 to 4.5 s, and the grid was flash-frozen
in liquid ethane using a FEI Vitrobot Mark VI
device (ThermoFisher).All cryo-EMsampleswere
prepared at 10°C and 100% relative humidity.

Cryo-EM data acquisition, image processing,
and 3D reconstruction

Cryo-EM images were collected on an FEI Talos
Arctica electron microscope equipped with a
GIF Quantum energy filter and operating at
200 kV with a nominal magnification of 130,000.
Images were recorded by a Gatan Bio-Quantum
K2 Summit direct electron detector. The slit
width for zero-loss peak was 20 eV. The cam-
era was in a super-resolution mode with a 1-Å
physical pixel size (0.5-Å super-resolution pixel
size). The defocus range was set between −1.0
and −1.5 mm. Each image was exposed for 5 s,
resulting in total electron exposure of ~50 e−/Å2

(exposure rate, 8.9 e−/pixel/s) and 32 frames per
movie stack.

A summary flow chart of data processing
and structure determination procedures for the
dataset obtained with the CAF1-LC–H3-H4 com-
plex and DNA30 is shown in fig. S3. A total of
23,996 movies were collected and imported into
cryoSPARC (68) and aligned using patch-based
motion correction, and contrast transfer func-
tion (CTF) parameters were estimated in a
patch manner using cryoSPARC and Gctf (69).
Micrographs with poor Thon ring or heavy con-
tamination were removed in the screening,
and 19,607 micrographs were selected for fur-
ther data processing. Particles of the complex
were initially picked with cryoSPARC reference-
free blob picker and used to generate 2D refer-
ences for template-based auto-picking. Together
with deep picking via topaz in cryoSPARC, a
total of 19,430,612 particles were obtained. The
dataset was cleaned up by several rounds of 2D
classification, and 2,269,295 particles were kept
for ab initio model generation (two classes) and
subsequent heterogeneous refinement. These
procedures resulted in two highly populated
classes, monomeric and dimeric CAF1-LC–H3-
H4 complexes. A new round of ab initio model
generation (three classes for the monomer data-
set and two for the dimer dataset), heteroge-
neous refinement, and nonuniform refinement
on each class were performed to clean up the
monomer and dimer datasets. For the mono-
mer dataset, 927,863 particles in the best class
were imported to Relion-3.0 (70) using the
csparc2star.py script in pyem (71) and further
sorted into four classes by 3D classification.
The best class containing 400,801 particles was
selected and further sorted into eight classes
by no-alignment 3D classification. Three top
classes were combined, and a total of 304,368
selected particles were subjected to cryoSPARC
for nonuniform refinement, yielding a 3.9-Å
map. Local refinement with a local mask im-
proved the map resolution to 3.8 Å. For the
dimer dataset, 53,708 particles were transferred
to Relion-3.0 for 3D classification into four
classes, and 24,904 particles in two classes
were selected and subjected to nonuniform
refinement, yielding a map with an overall res-
olution of 7.2 Å for the CAF1-LC–H3-H4 dimeric
complex. Further refinement with C2 symmetry
resulted in a 6.1-Å resolution map.

For the CAF1-FC–H3-H4–DNA30 dataset, as
shown in fig. S4, a total of 15,893 movies were
collected and imported into cryoSPARC and
aligned using patch-based motion correction,
and CTF parameters were estimated in a patch
manner using cryoSPARC. Micrographs with
poor Thon ring or heavy contamination were
removed in the screening, and 14,532 micro-
graphs were selected. The particles were picked
with cryoSPARC reference-free blob picker ini-
tially and were used to generate 2D references for
template-based autopicking. A total of 4,999,183
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particles were autopicked using template and
topaz. Several rounds of 2D classification were
performed to clean up the dataset, and a total
of 1,199,544 particles were kept for ab initio
model generation and heterogeneous refine-
ment using six classes. The best class with
688,535 particles was selected for nonuniform
refinement, yielding a 3.6-Å map. Because the
CAF1-FC–H3-H4 map is similar to that of CAF1-
LC–H3-H4 (correlation value 0.976), particles
in these two datasets were combined and over-
laps were removed (within radius of 130 Å) to
generate a combined set of 977,978 particles.
Ab initio model generation and heterogeneous
refinement using six classes resulted in two
highly populated classes: monomers and di-
mers of CAF-1–H3-H4. The best two classes of the
CAF-1–H3-H4 monomer containing 552,289
particles were selected and subjected to a fur-
ther round of ab initio model generation and
heterogeneous refinement using six classes.
The best four classes containing 530,555 par-
ticles were selected for nonuniform refinement.
Local refinement with a local mask improved
the map resolution to 3.5 Å. In the final mono-
mer particle set, 77 and 23% of the particles are
from the FC and LC particle sets, respectively.
The CAF1-FC dimer class containing 168,932
particles was combined with the CAF1-LC di-
mer dataset containing 53,708 particles, and
the overlap removed within the 130-Å radius.
A total of 197,148 particles were kept for ab initio
model generation and heterogeneous refine-
ment using six classes, and 50,508 particles in
the best class were selected and subjected to
nonuniform refinement, yielding a structure
of the CAF-1–H3-H4 dimer at an overall reso-
lution of 6.3 Å. Further refinement using C2
symmetry produced a 5.9-Å map of the di-
meric CAF-1–H3-H4 complexes. Symmetry
expanding to C1 generated 101,016 particles,
and local refinements were performed by ap-
plying two local masks covering the two proto-
mers, yielding two maps at 4.63-Å (protomer I)
and 4.58-Å (protomer II) resolution. The com-
posite map used for model building, refinement,
and deposition was generated by aligning and
merging the two locally refined maps using the
Combine-Focused-Maps module in PHENIX.
The half-maps of each local refined protomer
were also merged and used for overall Fourier
shell correlation (FSC) calculation in cryoSPARC,
resulting in a 4.6-Å resolution composite map
of the dimeric CAF-1–H3-H4 complex.

A summary flow chart of data processing and
structure determination procedures for the
peak 1 dataset of the CAF1-LC–H3-H4–DNA147

complex is shown in fig. S9. Data pre-processing
steps were similar to those used with the 30-bp
DNA oligomer. From this, 11,206 movies were
collected and 10,316 micrographs were selected
for particle picking after patch motion correc-
tion and patch CTF estimation by cryoSPARC.
Because of the relatively small size of the pro-

tein complex, it is difficult to distinguish particles
of the intact protein complex or partial com-
plexes, and a large set of particles, 10,865,604 in
total, were initially picked and extracted. The
dataset was cleaned up through several rounds
of 2D classification, and a total of 1,088,125 par-
ticles were kept for ab initio model genera-
tion and heterogeneous refinement. Two highly
populated classes were obtained: one is a left-
handed ditetrasome, and the other is the CAF-1–
bound right-handed ditetrasome. These two
subsets of data were imported to Relion-3.0
for further 3D classification.

For the left-handed ditetrasome subset of data,
459,354 particles were sorted into four classes by
3D classification. Three top classes were com-
bined, and a total of 335,568 particles were se-
lected for nonuniform refinement, which yielded
a map at an overall resolution of 3.5 Å. For the
CAF-1–bound right-handed ditetrasome subset
of data, 628,771 particles were sorted into six
classes by 3D classification. Two top classes
containing 178,734 particles were combined
and subjected to nonuniform refinement, yield-
ing a map at an overall resolution of 3.8 Å.

Figure S10 summarizes data processing and
structure determination procedures for the
dataset collected from the peak 2 sample. From
this, 2213 movies were collected, and 2007 mi-
crographs were kept for particle picking. A large
set of 1,568,202 particles were initially picked
and extracted. A total of 243,993 particles were
kept after multiple rounds of 2D classification
and used for ab initio model generation and
heterogeneous refinement. Three classes of par-
ticles were obtained, and the 126,187 particles
in the best class were imported to Relion-3.0
for 3D classification and resulted in six classes.
One class containing 8190 particles showed
two extra chunks of density on one side of the
ditetrasome surface, with a low resolution of
~18 Å. Two other classes both have one extra
piece of density on each side of the ditetra-
some surface, and the better class containing
76,910 particles was selected and subjected to
nonuniform refinement, yielding a map of two
CAF-1–bound ditetrasomes at an overall reso-
lution of 5.6Å and 6.3 Å with and without C2
symmetry imposed, respectively.

A flow chart summarizing data processing
procedures for the CAF1-FC–H3-H4–DNA147 com-
plex is shown in fig. S11. From this, 8801 movies
were collected, and 8002 micrographs were kept
for particle picking. A large set of 3,199,346 par-
ticles were initially picked and extracted. A total
of 947,480 particles were kept after multiple
rounds of 2D classification and used for ab initio
model generation and heterogeneous refine-
ment with six classes. The 104,027 particles in the
best class were further used for the next round
of ab initio model generation and heteroge-
neous refinement by six classes. These proce-
dures resulted in two highly populated classes:
single and double CAF1-FC–ditetrasome com-

plexes. For the single CAF1-FC–ditetrasome, two
classes containing 67,319 particles were sub-
jected to nonuniform refinement, yielding a
map of single CAF-1–bound ditetrasome at an
overall resolution of 3.8 Å. The 13,993 par-
ticles of the double CAF1-FC–ditetrasome class
were used for nonuniform refinement, yield-
ing a map of the double CAF-1–bound ditetra-
some at an overall resolution of 6.6 Å.

All reported resolutions were estimated based
on the gold-standard FSC criterion of 0.143.
Local resolutions were estimated by cryoSPARC.

Model building and refinement of the
cryo-EM structures

Crystal structures of CAF1-MC from this study
and the histone H3.1-H4 model from the sNASP–
ASF1–H3.1-H4 complex (PDB ID 7V6Q) were
used as initial models for building the model
of the CAF1-LC–H3-H4 complex by docking
each component into the cryo-EM map in
UCSF Chimera (72). The resulting 1:1 model of
the CAF1-LC–H3-H4 complex was used as the
initial model for fitting the structure of the 2:2
complex. For the left-handed ditetrasome struc-
ture, the atomic models of the Widom 601 DNA
(PDB ID 3LZ0) and the histone H3.1-H4 hetero-
dimer were fitted into the cryo-EM map. For
the CAF-1–bound ditetrasome, the crystal struc-
ture CAF1-MC from this study and histones
H3.1-H4 were fitted into the map, and the right-
handed Widom 601 DNA model was built man-
ually. An additional CAF1-MC complex was
introduced into the model of the right-handed
ditetrasome bound by two CAF-1 complexes.

The final models were obtained after iterative
cycles of real-space refinement using PHENIX
with secondary structure and Ramachandran
and rotamer restraints, assisted with manual
editing, adjustment and model rebuilding in
COOT. Three macro cycles of final refinement
were performed with the minimization_global
and local_grid_search strategies, and the qual-
ities of the refined models were checked with
the MolProbity parameters calculated using
PHENIX. For the four low-resolution struc-
tures, the 4.6- and the 6.1-Å dimeric CAF-1–
H3-H4 complexes and the 5.6- and the 6.6-Å
double CAF-1–bound ditetrasome complexes,
only main chains were kept in these models.
These models were real-space refined using
PHENIX as rigid bodies with secondary struc-
ture and Ramachandran restraints. Also, in
the two 3.8-Å single CAF-1–ditetrasome com-
plexes, only the main-chain model for p60 and
p150 were kept because of the limit of local
resolutions. The final refinement statistics are
shown in tables S2 and S3. Structural figures
were prepared using Chimera, ChimeraX (73),
and PyMOL (Schrödinger LLC, New York, NY).

Topological assay for nucleosome assembly

DNA supercoiling assays were performed as
described previously (74) with the following
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modifications. Relaxed DNA template was pre-
pared by combining fX174 RF I DNA (NEB,
N3021S) at 100 ng per sample, with excess DNA
Topoisomerase I (TaKaRa, 2240A) in the as-
sembly buffer [10 mM Tris-HCl, pH 7.5, 125 mM
NaCl, 2 mM MgCl



fragments were subjected to end repair, A-
tailing, and adaptor ligation using the NEB
Ultra II DNA Library Prep kit (E7645) following
the manufacturer’s instructions. After reserv-
ing an aliquot for input (MNase-seq), EdU-
pulsed DNA (MINCE-seq and Sonication-seq)
was biotinylated under the following condi-
tions: 15 mM Tris-HCl, pH 7.5, 0.5 mM biotin-
TEG-azide (Jena Bioscience), 0.1 mM CuSO4

(Sigma-Aldrich), 0.5 mM THPTA (Sigma-Aldrich),
and 10 mM sodium ascorbate (Sigma-Aldrich)
for 45 min at room temperature. DNA frag-
ments were purified using AMPure XP beads
(1.1×) and resuspended in 10 mM Tris-HCl,
pH 7.5. Next, biotinylated DNA was pulled
down using Myone C1 beads (Invitrogen).
Six ml of beads per sample were balanced by
three washes with 1× BW&T buffer (5 mM
Tris-HCl pH 7.5, 0.5 mM EDTA, 1 M NaCl,
and 0.05% Tween-20) and resuspended in 2×
BW&T buffer. Streptavidin beads were then
mixed 1:1 with biotinylated DNA and rotated
for 45 min at room temperature. Then, the beads
were washed four times with 1× BW&T, twice
with 1× TE with 0.05% Tween-20, and once
with 10 mM Tris-HCl, pH 7.5 and resuspended
in 10 ml of ddH2O. The beads were incubated at
98°C for 10 min, and 16 cycles of PCR amplif-
ication were performed together with input
DNA libraries. Post-PCR clean-up was per-
formed by adding 1× volume of AMPure XP
beads. Two independent biological repeats
were performed for each sample, and similar
results were obtained for all analyses.

Pair-end sequencing reads were processed,
and the samples were mapped to Homo sapiens
genome (hg38) by Bowtie2 (79) using default
parameters. Uniquely mapped reads were col-
lected for further analysis. Nucleosome posi-
tions were called using the statistic pipeline
DANPOS (80) with the fragments of size 120
to 180 bp. Mononucleosome coverage was
smoothed with a 10-bp flat window. ReIN
score is defined as the normalized read den-
sity of MINCE-seq divided by the density of
Sonication-seq samples. MINCE-seq signals
are influenced by both DNA synthesis and
nucleosome assembly. Thus, by normalizing
MINCE-seq with Sonication-seq, the nucleo-
some occupancy score reflects nucleosome oc-
cupancy independent of DNA synthesis and
EdU incorporation. All profiles relative to a
feature of TSSs or CTCF-binding sites were
plotted as the ReIN score or nucleosome occu-
pancy score spanning a given position relative
to the feature over a ±1000-bp window around
the feature midpoint. The CTCF chromatin im-
munoprecipitation sequencing (ChIP-seq) data
are from the Gene Expression Omnibus (GEO)
(GSM4640493) (81)

Molecular weight determination by SEC-MALS

Molar masses of protein or protein-DNA com-
plexes in solution were determined by SEC-

MALS using the DAWN HELEOSTM II 18-angle
static light-scattering system (Wyatt Technology)
connected to an Agilent HPLC that was hooked
up with a Superose 6 increase 10/300 GL col-
umn (GE Healthcare). The system was first
equilibrated in a buffer containing 20 mM
Tris-HCl, pH 7.5, 125 mM NaCl, and 2% gly-
cerol for 12 hours. The equilibrated system
was then calibrated with BSA at a concentra-
tion of 1 mg/ml. Fifty microliters of purified
CAF-1 or CAF-1–H3-H4 complexes in the pres-
ence and absence of DNA30 at a concentration
of ~1 mg/ml each were subjected to the system at
a flow rate of 0.5 ml/min at room temperature.
Data were analyzed by the ASTRA software.

Single-molecule FOMT analysis

A multiple digoxigenin-labeled and multiple
biotin-labeled 159-bp DNA segment was am-
plified by PCR and ligated with handle DNA
(543 bp) via the StyI restriction site. Purified
ligation products were further ligated with
the 147-bp Widom 601 DNA via the BsaI re-
striction site, and the full-ligation product was
purified by gel extraction.

Upon treating the coverslips with piranha
solution, polystyrene beads (2 mm, QDSpher)
were loaded and incubated at 150°C for 8 min
on a hot plate, and the beads served as the
reference to control thermal drifts during the
experiment. Then, the coverslips were coated
with Sigmacote (Sigma-Aldrich, SL2) for 5 min
and the flow-cells were incubated with 100 ml
of antidigoxigenin (0.1 mg/ml, Roche) in PBS
for 4 hours at 4°C. This was followed by pas-
sivation of the flow-cell with 100 ml of pas-
sivation buffer [10 mg/ml BSA, 1 mM EDTA,
10 mM phosphate buffer, pH 8.0, 10 mg/ml
Pluronic F127 surfactant (Sigma-Aldrich, P2443),
and 3 mM NaN3] at 4°C overnight.

FOMTs (54, 82), as schematically shown in
Fig. 6D, were built based on homemade single-
molecule magnetic tweezers described before
(83). Force calibration was carried out by teth-
ering an 8-kb DNA between the superparamag-
netic bead (Dynabeads MyOne Streptavidin
T1, Invitrogen, 65601) and the coverslip, fol-
lowing published procedures (82, 84), with
the recording of freely rotating magnetic beads
positioned under a force ranging from 0.45
to 1.8 pN.

After the flow-cell was rinsed with 1 ml of
FOMT buffer (50 mM KCl, 25 mM HEPES,
pH 7.5, 0.1 mM EDTA, 0.025% PEG, 0.025%
PVOH, and 1 mg/ml BSA), 100 ml of purified
full-ligated DNA (3 pg/ml) in FOMT buffer
was loaded and incubated at room temper-
ature for 20 min before the flow-cell was
further washed with 200 ml of FOMT buffer.
Superparamagnetic bead (T1) in FOMT buf-
fer was added to the flow-cell and incubated
for 20 min at room temperature. Then, 200 ml
of FOMT buffer was flowed into the flow-cell
to flush away the unbounded beads.

Yeast Nap1-H3H4 (200 nM) and human
CAF1-FC–H3-H4 (50 nM) complexes were kept
in the preincubation buffer (50 mM KCl, 25 mM
HEPES,pH 7.5, 0.1 mMEDTA,0.25% PEG,0.25%
PVOH, and 1 mg/ml BSA) at 4°C for 30 min.
Then the complexes were loaded into the flow-
cell with 100 times dilution. The bead image
was captured by a JAI Giga-Ethernet CCD cam-
era at 500 Hz for 4 hours through the inverted
microscope objective lens (UPLXAPO60XO,
NA 1.42, Olympus). The real-time position
(x, y, z) of the beads at 0.7 pN was recorded
with the comparison between the diffraction
pattern of the beads and calibration images
at various distances from the focal point of the
objective.

The circle center (xc, yc) and radius Rcircle

of the beads’ trajectories are fitted using the
least squares method, that is, minimizing the
sum of the squares of the residuals:

minxc;yc;Rcircle ¼X
i

xi � xcð Þ2 þ yi � ycð Þ2 � Rcircle
2

� � ð1Þ

To calculate parameters xc, yc, and Rcircle from
the bead’s position (xi, yi), we defined matrix A
and vector b

→
; x→:

A ¼
x1 y1 1
x1

⋯
y2

⋯
1
⋯

xn yn 1

0
B@

1
CA;

b
→ ¼

x1
2 þ y1

2

x2
2 þ y2

2

⋯
xn2 þ yn2

0
BB@

1
CCA; and

x
→ ¼

2xc
2yc

r2 � xc2 � yc2

0
@

1
A ð2Þ

The overdetermined system is

Ax
→ ¼ b

→ ð3Þ

The solution of which is given by

x
→ ¼ ATA

� ��1
ATb

→ ð4Þ

After finding xc, yc, and Rcircle, we set the
pole of the polar coordinates system as (xc, yc).
By denoting the bead’s position vector (xi, yi)
as r

→
i , the rotation from position r

→
i to r

→
iþ1 is

given by

Dqi;iþ1 ¼ arccos
r
→
i; r

→
iþ1

D E
r
→
i

�� �� r→iþ1

�� �� ð5Þ

The angles of rotation from the initial position
are given by

qk ¼
Xk�1

i¼1

Dqi;iþ1; Dqi;iþ1

0; k ¼ 1

(
ð6Þ

The polar coordinates (ri, fi) are given by
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ri ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
xi � xcð Þ2 þ yi � ycð Þ2

q
ð7Þ

fi ¼ arctan
yi � yc
xi � xc

� 	
ð8Þ

The code used for analyzing and plotting
FOMT data is archived at Zenodo (85).

EMSA

In each EMSA reaction (total volume of 20 ml),
a mixture of 0.5 mM 147-bp DNA with 0.5, 1,
2.5, 5, or 10 mM of p60DC or p48, in a buffer
containing 20 mM Tris-HCl, pH 7.5, 50 mM
NaCl, and 1 mM DTT, was first incubated on ice
for 30 min, followed by electrophoresis on a 6%
native polyacrylamide gel at 120 V for 50 min
with 0.5× TBE buffer in an ice-water bath. The
gel was stained by SYBR Gold (Thermo Fisher)
and visualized with the Gel Doc EZ imaging
System (Bio-Rad).

Quantification and statistical analysis

The orientation distribution of the particles
used in the final reconstructions and the local re-
solution maps were calculated using cryoSPARC
(68). The quantification and statistical analy-
ses for model refinement and validation were
generated using MolProbity (64). Data for cell
proliferation assays are from three biological
replicates, and a two-way analysis of variance
(ANOVA) with Sídák test was used to calculate
p values. Data for RNA-seq are presented with
two biological replicates.
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