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INTRODUCTION: Inheritance of chromatin struc-
ture during cell division is essential for genome
integrity and epigenetic inheritance. DNA repli-
cation disrupts parental nucleosomes, and
nascent nucleosomes must be assembled on
replicated DNA. Half of the histones for the
replication-coupled nucleosome assembly are
of parental origin, and the other half are newly
synthesized. Chromatin assembly factor-1 (CAF-1)
is an evolutionarily conserved heterotrimeric
protein complex responsible for the deposition
of newly synthesized histones H3 and H4 onto
DNA. A mechanistic understanding of the struc-
ture and function of CAF-1 is needed to fully com-
prehend the principles of chromatin inheritance.

CAF-1-H3-H4
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RATIONALE: We determined the crystal struc-
ture of the core domain of human CAF-1in the
absence of histones and used cryo-electron
microscopy (cryo-EM) to solve the structure
of CAF-1 bound to histones H3 and H4. Struc-
tural findings were corroborated with in vitro
supercoiling assays and in vivo nascent nu-
cleosome mapping analyses. We also investi-
gated the handedness of the nucleosome
precursor assembled by CAF-1 using a single-
molecule freely orbiting magnetic tweezer
(FOMT) method.

RESULTS: The crystal structure of the CAF-1
core domain shows that, in the absence of his-
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Structures of CAF-1 with and without histones H3 and H4 bound. (Top middle) A 3.5-A crystal structure of the
core domain of CAF-1. Distinct subunits are labeled and color coded as indicated. The light pink segment with a
dashed outline indicates disordered ED loop of p150. (Top left) A 3.5-A cryo-EM structure of CAF-1 bound to a
heterodimer of H3 (blue) and H4 (green). The light blue segment with a dashed outline indicates the disordered
H3 loop that connects a short N-terminal segment and the body of H3. (Bottom left) A 4.6-A cryo-EM map of a
2:2 CAF-1-H3-H4 complex in which CAF-1 subunits are colored gray. The graphic to the right of the arrow is a top
view of the 2:2 dimer with CAF-1 omitted for viewing clarity. It shows the positioning of two H3-H4 heterodimers,
shown in densities, in the 2:2 complex, compared with those in an H3-H4 tetramer, which is modeled by placing a
fictitious H3-H4 dimer (ribbon representation) next to an observed one. (Top right) A 3.8-A cryo-EM map of the
CAF-1-bound right-handed ditetrasome compared with the left-handed DNA wrapping of a nucleosome core particle
(NCP) schematically drawn at the bottom right corner.
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tones, it adopts a bilobal structure, with the
p48 and p60 subunits freely tethered by the
middle domain of the p150 subunit. Upon
the binding of an H3-H4 heterodimer, p48 and
p60 hug the opposite ends of the elongated
H3-H4 heterodimer, whereas the negatively
charged ED loop of p150 secures the binding
by traversing the hunched positively charged
surface of the H3-H4 dimer. The C-terminal
portion of the ED loop plays a particularly im-
portant role in CAF-1’s histone binding and
nucleosome assembly activities, as shown by
in vitro histone binding and plasmid supercoil-
ing assays, as well as in vivo nucleosome as-
sembly analysis. The observed histone binding
mode ensures that only one H3-H4 hetero-
dimer is bound by a CAF-1 complex because the
joining of a second H3-H4 dimer in the manner
of a H3-H4 tetramer would be sterically pro-
hibited by p60, which suggests that formation
of an H3-H4 tetramer is regulated. A p60 can-
cer mutation located at the interface with H4:
is shown to have a detrimental effect in cell
proliferation and cause a global change of gene
expression. These effects likely reflect CAF-1’s
functions in chromatin accessibility and het-
erochromatin integrity.

We demonstrate that the addition of short
DNA oligomers promotes the dimerization of
the CAF-1-H3-H4 complex. A cryo-EM struc-
ture of a 2:2 CAF-1-H3-H4 complex shows that
the two H3-H4 heterodimers are placed nearby,
with the H3 dimerization interface poised for
interaction but not quite in the geometric con-
figuration of an H3-H4 tetramer. Given that
longer DNA fragments wrap H3-H4: as tetra-
mers, the length of DNA may be a key factor in
the CAF-1-mediated formation of H3-H4: tetra-
mers. With a 147-base pair (bp) nucleosome-
positioning Widom 601 DNA, we found that a
right-handed CAF-1-bound ditetrasome was
assembled through salt dialysis. This discovery
was confirmed by single-molecule FOMT at a
physiological salt concentration, indicating a
possible unusual nucleosome precursor in chro-
matin replication.

CONCLUSION: Our study reveals the histone
binding mode of CAF-1. It also elucidates the role
of DNA in the dimerization of the CAF-1-H3-H4:
complex and the assembly of H3-H4 tetramers
and suggests the involvement of a right-handed
nucleosome precursor in replication-coupled
nucleosome assembly.
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Structural insights into histone binding and
nucleosome assembly by chromatin assembly factor-1
Chao-Pei Liu'*t, Zhenyu Yu'{, Jun Xiong't, Jie Hu't, Aoqun Song't, Dongbo Ding'f, Cong Yu'?,

Na Yang®, Mingzhu Wang*, Juan Yu?, Peini Hou', Kangning Zeng'®, Zhenyu Li®, Zhugiang Zhang',
Xinzheng Zhang"®, Wei Li*®, Zhiguo Zhang’, Bing Zhu">3*, Guohong Li*>*, Rui-Ming Xu?5*

Chromatin inheritance entails de novo nucleosome assembly after DNA replication by chromatin
assembly factor-1 (CAF-1). Yet direct knowledge about CAF-1's histone binding mode and nucleosome
assembly process is lacking. In this work, we report the crystal structure of human CAF-1 in the
absence of histones and the cryo—-electron microscopy structure of CAF-1 in complex with histones H3
and H4. One histone H3-H4 heterodimer is bound by one CAF-1 complex mainly through the p60 subunit and
the acidic domain of the p150 subunit. We also observed a dimeric CAF-1-H3-H4 supercomplex in which
two H3-H4 heterodimers are poised for tetramer assembly and discovered that CAF-1 facilitates right-handed
DNA wrapping of H3-H4 tetramers. These findings signify the involvement of DNA in H3-H4 tetramer
formation and suggest a right-handed nucleosome precursor in chromatin replication.

he basic unit of chromatin is the nucleo-

some core particle (NCP), which consists

of ~147 base pairs (bp) of DNA wrapped

around an octamer of histones H3, H4,

H2A, and H2B in a left-handed form (7).
During DNA replication, nucleosomes are first
disassembled to allow the progression of the
replication fork and then reassembled to pack-
age newly synthesized DNA into chromatin
(2, 3). Half of the histones for nucleosome as-
sembly are of parental origin, and they are
segregated onto two nascent DNA duplexes,
mostly in the form of H3-H4 tetramers (4-6).
The other half of the histones are newly syn-
thesized in S phase of the cell cycle and are
deposited onto DNA in a stepwise process
known as de novo assembly, in which newly
synthesized histones H3 and H4 are first de-
posited onto DNA to form tetrasomes, followed
by the addition of two histone H2A-H2B dimers
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to form the NCP. The evolutionarily conserved
chromatin assembly factor-1 (CAF-1) complex
is responsible for DNA replication-coupled
nucleosome assembly, which is essential for
genome integrity and epigenetic inheritance
(7-9). Despite much progress, further break-
throughs in structure and function studies of
CAF-1, including its histone binding mode, are
needed to fully comprehend the mechanism
by which chromatin is faithfully inherited.

CAF-1 was discovered based on its ability to
promote de novo nucleosome assembly during
in vitro replication of SV40 DNA templates (7).
It binds newly synthesized H3.1-H4 histones
and facilitates their deposition at the replica-
tion fork during S phase in cooperation with
histone H3-H4 chaperone ASF1 and the rep-
lication processivity factor proliferating cell
nuclear antigen (PCNA) (10-13). Human CAF-1
is essential for replication-coupled chromatin
assembly in vivo (74), but disruption of the cor-
responding yeast complex does not obviously
affect cell growth (15, 16). This is likely due to
the presence of alternative chromatin assem-
bly pathways in yeast (12, 13, 17-19). Addition-
ally, CAF-1 plays important roles in chromatin
repair after ultraviolet light-induced DNA dam-
age (20, 21) and in cell fate determination and
maintenance (2, 22).

Human CAF-1is composed of p150 (CHAF1A),
p60 (CHAF1B), and p48 (RBBP4/RbAp48) sub-
units (9, 23). p150 contains various motifs for
interacting with the replication machinery and
chromatin factors, including the DNA-binding
KER and WHD domains and the highly acidic
ED region that is implicated in histone bind-
ing (21, 24, 25) (Fig. 1A). The N-terminal region
of p150 was shown to be dispensable, whereas
the middle and the C-terminal regions are im-
portant for binding histones and p60, respec-
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tively (9). Both the p60 and p48 subunits are
‘WD40-repeat proteins that are known to form
a B-propeller scaffold (Fig. 1A). p60 plays im-
portant roles in DNA synthesis and repair and
participates in the progression of various malig-
nancies (26-28). It contains a C-terminal ASFI-
interacting motif (B domain) that may facilitate
the transfer of H3-H4 to CAF-1 (29). Impor-
tantly, p60 directly binds H3-H4: and is required
for CAF-I’s nucleosome assembly activity (9, 30).
p48 is a versatile histone H3-H4 chaperone
found in numerous histone-modifying enzymes
and nucleosome-remodeling complexes (23, 31).
It is conceivable that it may couple CAF-1’s
function in nucleosome assembly with the in-
stallation of histone modifications (32, 33).

Until now, inadequate knowledge about the
structure of CAF-1 severely limited mechanistic
understandings of de novo nucleosome assem-
bly (30, 34-36). In this work, we have deter-
mined the crystal structure of the human CAF-1
core complex and cryo-electron microscopy
(cryo-EM) structures of CAF-1bound to H3-H4-.
Interestingly, we also observed a complex of
CAF-1 bound to a right-handed H3-H4 dite-
trasome, implicating an unexpected step in
nucleosome assembly.

Results
Overall structure of the CAF-1 complex

We first tried to crystallize the CAF-1 complex
with full-length p150 or its truncation variants
p150M, which contains the middle domain
encompassing the ED region and its N- and
C-terminal flanking regions (NTR and CTR,
respectively), and p150L, which has a longer
C-terminal extension (Fig. 1A). These com-
plexes were coexpressed in insect cells and
purified to apparent homogeneity (Fig. 1B),
but only the complex with p150M, p60 with a
C-terminal 140-residue deletion (p60AC), and
full-length p48, termed CAF1-MC was crystal-
lized. Three structures from distinct crystal forms
(C222,, C2, and P2,) at 34- to 3.6-A resolutions
were solved (fig. S1A and table S1), and they all
have a 1:1:1 subunit stoichiometry. p150M exhib-
its an extended conformation, with its ordered
portions of NTR (residues 463 to 606) and CTR
(residues 658 to 713) binding p48 and p60, re-
spectively (Fig. 1C). An ~50-residue region con-
necting the NTR and CTR is disordered, and this
results in an ambiguity in distinguishing two
crystallographically equivalent models (Fig. 1C
and fig. S1B). In model 1, the p48 and p150 NTR
globular module makes little contact with the
p60-p150 CTR module (Fig. 1C); in model 2, the
two modules are close together, and an NTR
segment (residues 524 to 542) interacts with
P60 (fig. S1, B and C). Glutathione S-transferase
(GST)-pulldown results show that the p150
NTR and CTR fragments only pulled down p48
and p60 separately (fig. S1D), thus disfavoring
the model 2 packing. Thus, we used model 1 for
further analysis.
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Fig. 1. Crystal structure of CAF-1. (A) Domain structures of CAF-1 subunits. The core domains of p48,
p150, and p60 are colored amber, magenta, and cyan, respectively. Line segments that are colored the
same as the protein domains indicate protein fragments used in this study. Dashed lines indicate protein
regions involved in pairwise interactions. (B) Coomassie blue-stained SDS—polyacrylamide gel electropho-

resis (SDS-PAGE) analysis of purified recombinant CAF-1 complexes. Displayed are CAF1-FC; CAF1-LC,
containing p150L, p60AC, and p48; and CAF1-MC, containing p150M, p60AC, and p48. (C) Crystal structure
of CAF-1. Different subunits are colored according to the scheme in (A), and the orange dashed line denotes
the disordered ED domain of p150. The seven blades of the p48 and p60 B propellers, from the N- to
C-terminal direction, are numbered from 1 to 7. Four strands in each blade are numbered from Bl to B4, as

illustrated in blade 1 of p60 and blade 3 of p48.

The p150 NTR is anchored to two disjoint
surface patches on p48. One p150 binding
region occupies a large surface area on the
wider base of the p48 B propeller, termed the
dorsal face (Fig. 1C). The N-terminal portion of
p150 NTR, which encompasses residues ~463
to 533 and is designated NTR1, is composed of
a short  strand (1), two o helices (a1 and 02),
and irregular loop segments. NTR1 does not
have a compact core, and it snakes across the
dorsal surface of p48 mainly through hydro-
phobic interactions. The second p48-interacting

Liu et al., Science 381, eadd8673 (2023)

region of p150 NTR, called NTR2, approxi-
mately spans residues 548 to 606 and is con-
nected to NTR1 by an ~15-residue linker that is
not interacting with either p48 or p60. NTR2
contains two short o helices (a3 and a4) and a
pair of short B strands (33 and p4). NTR2 in-
teracts with p48 through parallel B pairing
between its 3 and the outmost strand of p48’s
blade 7, as well as through its 3-B4 and B4-a4:
loops, which are arranged like a pair of claws,
gripping on the C-terminal portion of the oN
helix of p48 (Fig. 1C). The combined interactions
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through NTR1 and NTR2 stably anchor the
NTR of p150 onto p4s8.

p60 is a seven-bladed B propeller charac-
terized by a long B-hairpin insertion between
34 of blade 4 and B1 of blade 5 on the ventral
surface, a long B-loop insertion between 1 and
B2 of blade 6, and a long C-terminal tail that
traverses the dorsal surface of the  propeller
(Fig. 1C). The CTR of p150 interacts with p60
through two o helices (05 and 06) and two 8
strands (B6 and B7), whereas its 5 makes an
intramolecular B pairing with 2 of NTR. o5 of
p150 CTR interacts with p60 mainly through
polar interactions with three loop segments of
P60 that line the ventral edge of the  propel-
ler. The B6-06-B7 cassette of p150 CTR makes
extensive interactions with blades 5 and 6 of
the p60 B propeller, with 6 and B7 making
antiparallel  pairings with 4 strands of blade
6 and blade 5 of p60, respectively, whereas a6
and its flanking loop segments primarily inter-
act with blade 6 (Fig. 1C).

The bilobal organization of the CAF-1 core
complex indicates considerable conformational
plasticity between the two globular modules,
suggesting that dynamic relative positioning of
p48 and p60 may be intrinsic to CAF-1’s histone
binding and nucleosome assembly activities.

Structure of CAF-1 bound to histone H3-H4

Extensive cocrystallization trials of H3-H4 with
full-length and truncation mutants of CAF-1,
which were tested by GST-pulldown and DNA
supercoiling assays (fig. S2), were unfruitful.
We then resorted to single-particle cryo-EM
for structure determination and succeeded in
determining the structures of the full-length
CAF-1 complex (CAF1-FC) and CAF1-LC, a CAF-1
complex consisting of p150L that includes the
WHD domain, full-length p48, and p60AC
(Fig. 1B and fig. S2B), bound to a heterodimer
of histones H3-H4 at 3.6- and 3.8-A resolu-
tions, respectively (figs. S3 and S4 and tables
S2 and S3). Representative EM map sections
of various parts of the 3.8-A structure are
shown in fig. S5. The two structures are highly
similar in ordered regions and their spatial
arrangements; their EM maps can be super-
imposed with a correlation coefficient of
0.976, and the datasets can be combined to
yield a map of 3.5 A (fig. S4 and table S3).
Henceforth, instead of specifying the struc-
tures determined using the full-length CAF-1
complex (CAF1-FC) or the longer fragment
CAF-1 complex (CAF1-LC), we will collectively
refer to the two structures as CAF-1 for clarity
of description, unless explicitly noted. In the
structure, only the core region of p150, ap-
proximately spanning residues 491 to 713, and
the WD40 domains of p60 (residues 1 to 392)
and p48 (residues 11 to 411) are ordered (Fig. 2,
A and B), generally corresponding to the CAF-1
core in the crystal structures. No densities for
other parts of CAF-1 can be located, indicating
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Fig. 2. Cryo-EM structure of A
CAF-1 bound to H3-H4. (A) Front
(top) and back (bottom) views of
the density map, which is
sharpened with a B-factor of

~144 A? and contoured at 4.0c.
CAF-1 subunits are colored the
same as in Fig. 1C, and H3 and

H4 are shown in dark blue and
green, respectively. (B) A cartoon
model of the CAF-1-H3-H4 complex
structure in the front view. p150 is
highlighted with the superposition
of a semitransparent surface repre-
sentation of the density. Disordered
internal loops are represented

with dashed lines. (C) A back view
of the superimposed apo crystal
structure and the H3-H4-bound
cryo-EM structure of CAF-1 through
alignment of p60. The crystal
structure is colored with p150 in
periwinkle and p60 and p48 in gray;
the cryo-EM structure is colored
the same as in (B). Histones H3-H4
are represented by a pale bicolor
ellipse for viewing clarity. Paired
arrow lines indicate the relocation of
the same structural elements of
pl150 and p48 in the two structures.
Transformation of the B5-a5 unit
of p150 in the crystal structure into
part of 5B in the cryo-EM struc-
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ture is indicated by a dashed arrow arc. See also movie S1. (D) An overview of the interaction between CAF-1 and histones H3-H4. The exposed histone H3-H4 tetramerization
interface is indicated by the black triangle. (E) A schematic drawing depicting the overall features of H3-H4 binding by CAF-1.

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 (DNA3,), 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 A 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 ol remaining visible. The linker between
NTR1 and NTR2 is also disordered, but NTR2
binds p48 in the same manner as in the apo

Liu et al., Science 381, eadd8673 (2023)

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
fig. S5B). Within the CTR region of p150, the
B6-06-B7 cassette bound p60 essentially the
same in the two structures (Fig. 2C). However,
5 is dissolved and joins o5 to form a longer
05B helix that orients in a direction opposite to
the original 05 and rests on top of the ventral
surface of p60, together with a newly ordered
o5A that lies antiparallel to a5B (Fig. 2C and
fig. S5B).

The ordered H3 regions include residues 1 to
11 and 36 to 134, whereas those of H4 include
residues 21 to 101 (Fig. 2B and fig. S5B). With
the exception of the first 11 residues of H3,
which bind p48 in the same manner as they
bind to other RbAp46/48 homologs (33), H3-
H4 binds CAF-1 in a new fashion. H3-H4 is
stably positioned above the ventral surface of
the p60 propeller by means of extensive inter-
actions involving H4’s C-terminal part, from
the penultimate turn of a2 (Tyr72) onward
(Fig. 2D). Furthermore, an H3 region encom-
passing residues 40 to 55, which includes a
partially unfolded oN, wraps around a contig-
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uous perimeter margin of the p60 3 propeller
spanning blades 6, 7, and 1. With p150’s NTR
and CTR firmly anchored on p48 and p60, re-
spectively, the ED domain of p150 adopts an
extended conformation and binds H3-H4 by
traversing the positively charged convex sur-
face of H3-H4 that is formed by the a1l helices
of H3 and H4 (Fig. 2D). The newly formed a5A
and 05B of p150 are positioned above the ven-
tral surface of p60 and contact the a2-0.3 loop
of H4, the o1-02 loop, and the partially un-
folded aN region of H3. Intuitively, one may
imagine that CAF-1 subunits house the bind-
ing of H3-H4 like a car seat (Fig. 2E), with the
ventral surface of p60 as the seat, the long
positively charged ED loop of p150 as the seat-
belt, a5A and a5B of p150 as the guardrail, and
the side of p48 as the headrest, against which
the C-terminal end of H3’s 02 and the ol-a2
loop of histone H4 rest.

Interaction between p150 and histones H3-H4

The ED loop of p150 (residues 601 to 632) in-
teracts extensively with both histones H3 and
H4 (Fig. 2D). The rest of the interaction mainly
involves o5A and a5B, which are located im-
mediately C-terminal to the ED loop. Two-thirds
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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 ol 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 o5A interacts with the
01-02 loop of H3 and the a:2-0.3 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-CI [denoted 4mut, with substitutions E628K
(Glu™*—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 Arg®,
Arg®, and Arg®® of histone H3 (H3-3A) and
Arg® Arg®, and Lys** of histone H4 (H4-3A)
were generated, and the H3-3A and the com-
bined H3-3A H4-3A (6A) mutant complexes
exhibited weakened binding to CAF-1 compared
with the wild-type (WT) H3-H4 complex, where-
as the H4-3A complex only displayed subtle
effects (fig. S6C). These results support the
structural model of p150-histone interaction
and highlight the importance of the interac-
tion between the C-terminal portion of the ED
loop and histone H3.
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CAF-T’s replication-coupled (RC) nucleosome
assembly activity directly affects nucleosome
occupancy behind the replication fork and is
also required for optimal gene silencing and
S phase progression (14-16, 4I). Therefore, we
used two methods to analyze the cellular ef-
fects of relevant CAF-1 mutants: (i) a modified
ReIN-Map (replication-intermediate nucleo-
some mapping) method combined with MINCE-
seq [mapping in vivo nascent chromatin with
5-ethynyl-2’-deoxyuridine (EdU) sequencing]
(42, 43) and (ii) transcriptome analysis together
with a cell proliferation assay. We first estab-
lished p150 and p60 auxin-inducible degron
(AID) HAPI1 cell lines by CRISPR-Cas9-mediated
knock-in, with which the AID-tagged p150 or p60
proteins could be degraded within hours after
5-phenyl-indole-3-acetic acid (5-Ph-IAA) treatment
(44) (fig. S6D). We then introduced doxycycline-
inducible exogenous p150 constructs into the
Pp150-AID cell line by lentiviral transduction (fig.
S6E). The cells cannot survive prolonged p150
depletion by treating with the auxin analog
5-Ph-IAA (6 days), and we found that the p150
ED-loop replacement mutants affect cell prolif-
eration to degrees analogous to the levels to
which they influence histone binding, with the
4mut substitution mutant showing the least
growth defect (Fig. 3D). Analysis of RC nucleo-
some assembly was performed following a
procedure schematically outlined in Fig. 3E.
Analyses of EdU-labeled nucleosome occupan-
cies surrounding transcription start sites (TSSs)
and CTCF-binding sites showed again that the
p150 ED-loop mutants differentially affect RC
nucleosome assembly in a manner dependent
on their histone binding abilities (Fig. 3F). By
comparison, steady-state nucleosome occu-
pancy is little affected (fig. S6F). Depletion of
the CAF-1 subunits has been well documented
to induce derepression of silenced genes, likely
because of impairment of heterochromatin
formation (16, 45). Therefore, gene derepression
analysis is a good surrogate for CAF-1 func-
tion in chromatin assembly. RNA sequencing
(RNA-seq) analyses revealed that induced de-
gradation of p150 leads to elevated expression
of ~2500 genes, in contrast to the ~250 down-
regulated genes, which is consistent with the
functional role of CAF-1 in heterochromatin
formation and silencing. Rescue with exog-
enous WT p150 restored ~80% of expression
patterns of WT AID cells (fig. S6G). The CIGS,
C2GS, and EDGS mutants showed obvious de-
fects (~30 to 40%), whereas the 4mut substi-
tution mutant functioned nearly as well as the
WT p150 (fig. S6G).

p60-histone interaction and implication for
oligomeric states of H3-H4

P60 interacts with H3 and H4 primarily through
its ventral surface area. The central area of
the ventral surface is enriched with negatively
charged residues, together with several tyrosines
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and a phenylalanine. It hosts extensive in-
teractions with H4 residues located at the
C-terminal end of 02, the entire 03, and the
following C-terminal tail (Figs. 2D and 4A).
In particular, Tyr®® and Lys®, which are lo-
cated on a3 of H4, insert into the central basin
of the ventral surface of p60 (Fig. 4A). Tyr®®
is surrounded by hydrophobic residues Tyr'??,
Tyr'™, and Phe?® of p60, whereas Lys™ is po-
sitioned within bonding distances from Asp®®
and Asp*' of p60. Recurrent missense muta-
tions of H4 residues Lys®, Tyr®%, and His™,
which are all located on the interface with
P60, are found in a neurodevelopmental syn-
drome (46), whereas an Asp-to-Asn substitu-
tion of Asp®® (D86N) of p60 is found in somatic
cancer mutations tabulated in the Catalogue
of Somatic Mutations in Cancer (COSMIC) data-
base. GST-pulldown and supercoiling assays of
the p60 D86N mutant complex of CAF-1 showed
no obvious defects (fig. S7, A and B), likely be-
cause, owing to the extensive p60-H4 interac-
tion, a single D86N change is not sufficient to
yield detectable effects in vitro. Nevertheless,
we examined the cellular effect of this muta-
tion using the p60 AID cell line (figs. S6D and
S7C). The p60 D86N mutant caused a severe
growth defect (Fig. 4B), suggesting its func-
tional importance. Induced degradation of
P60 increased the expression of 681 genes (Fig.
4C). The differential effects in cell growth and
gene expression between the WT and DS86N
p60 may be largely attributed to the amino
acid difference, because WT and D86N p60,
and also p150, were expressed at comparable
levels (fig. S7C), notwithstanding the reduction
of p150 upon p60 degradation in the absence
of exogenous p60 (fig. S6D), as also previously
reported (47, 48). Of the up-regulated genes
from p60 degradation, 87% coincide with those
from p150 degradation, consistent with their
shared function in the same protein complex.
Even those genes not belonging to the com-
mon set changed in the same direction (fig.
S7D). Finally, ReIN-Map analysis revealed no
obvious change by the p60 D86N mutation
(fig. S7E), suggesting possible involvement in
chromatin accessibility and heterochromatin
integrity (16, 45, 47, 49, 50).

Besides H4, a partially unwound alN of H3
lies in a negatively charged channel on the p60
surface, with H3 Tyr®* interacting with Tyr>*°,
Asp®%, and Tyr®®° and H3 Arg*® contacting
Glu” and Tyr®®° of p60 (Fig. 4D). The H3 loop
segment spanning residues 40 to 48 binds a
positively charged surface patch located at the
edge of the ventral surface of p60. In this bind-
ing manner, the dimerization interface of his-
tone H3 is fully exposed (Fig. 2D). However,
binding to an H3-H4 tetramer is prohibited,
owing to steric clashes between p60 and his-
tone H4 from a modeled second heterodimer
(Fig. 4E). These observations reveal a mecha-
nism of safeguarding premature H3-H4 tetramer
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Fig. 3. Interaction between p150 and histones H3-H4. (A) Detailed view of the
interaction between the ED domain of p150 and histones H3-H4. Shown at the
top is the amino acid sequence of the ED domain, with acidic residues colored in
red, and the designation of different fragments for functional analyses. Shown

at the bottom is the interaction between key acidic residues in the ED domain

of p150 and H3-H4. D, Asp; E, Glu; G, Gly; K, Lys; R, Arg. (B) Pulldown of H3-
H4 with GST-tagged CAF1-MC complexes with an intact pl50M or mutants
substituting the ED-domain fragments in (A) with equal-length GS linkers;

for example, N1GS and EDGS mutants substitute the N1 fragment and the entire ED
domain with GS linkers, respectively. 4mut represents the E628K/D629N/E630K/
D632G quadruple mutation in p150M. Pulldowns were performed at 1 M NaCl and
analyzed by Coomassie blue-stained SDS-PAGE. The asterisk indicates an unidentified
contaminant band. (C) Supercoiling assay of in vitro nucleosome assembly by CAF-1.
¢X174 DNA (lane 1) was treated with DNA topoisomerase | (Topo I, lane 2) and
incubated with H3-H4 only (lane 3) or increasing amounts (0.1 and 0.2 ug) of WT or
indicated mutants of CAF1-MC (lanes 4 to 15), together with 0.1 ug of H3-H4 and 0.1 ug
of relaxed X174 DNA. R and S at the left indicate the position of relaxed and
supercoiled DNA, respectively. Input protein samples are shown in fig. S6B. (D) Cell
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proliferation activities of WT p150 or its mutants in p150-AID cells, which were first
treated with doxycycline (Dox) to induce the expression of exogenous p150 constructs.
5-Ph-IAA was added 24 hours after Dox treatment. Cell viability was measured by
CellTiter-Glo after 7 days of Dox treatment. Error bars represent SEM calculated from
three biological replicates. Two-way analysis of variance (ANOVA) with Sidak test
was used to calculate the p values shown at the top of the figure. (E) Schematic of
the ReIN-map and MNase-seq protocol. Cells were treated with Dox, Auxin, and
EdU at the indicated time points, and chromatin was cross-linked and sheared
either by MNase digestion or sonication. DNA of MNase-treated samples was
extracted and ligated with next-generation sequencing (NGS) adaptors, and the
MNase-seq signals reflect the steady-state nucleosome occupancy. For ReIN-map,
DNA of MNase-treated and corresponding sonication-sheared samples were
extracted and ligated with NGS adaptors. EdU-labeled newly replicated regions were
biotinylated and separated with streptavidin beads. The RelN score was derived by
dividing the MINCE-seq signals by the Sonication-seq signals. (F) The RelN scores for
regions around the TSSs (left) and the CTCF-binding sites (right) are shown. The CTCF
chromatin immunoprecipitation sequencing (ChlP-seq) data are from the Gene
Expression Omnibus (GEO; GSM4640493) (81).
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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. Tyr® 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, GIn; Y, Tyr. (B) Cell proliferation activity of WT p60 and the D8EN
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 — [#(ANB)]/[#(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 kgT/e, where kg 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.

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 (57).

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

Liu et al., Science 381, eadd8673 (2023)

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 A, allowing reliable
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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 p3-B4 loop of blade 3, contacts the
C-terminal portion of 0.2 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-A 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 A
(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-A resolutions, respectively. Both
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Fig. 5. A 2:2 complex of CAF-1 and H3-H4. (A) Two views of the 4.6-A composite
cryo-EM density map of the 2:2 complex contoured at 3.4c superimposed with the
structure model. The coloring scheme is the same as in Fig. 2A. (B) SEC-MALS analysis
of CAF1-LC and its complex with H3-H4, in the presence and absence of 30-bp DNA.
The SEC profile (thin lines) is superimposed with the fitted MALS results (short thick
lines) according to the colors specified at the top of the figure. The 379 + 2-kDa peak
from the CAF1-LC-H3-H4-DNA3q sample indicates the formation of a 2:2 complex
(calculated mass ~377 kDa). (C) Interactions between histone H3-H4 of one CAF-1-
H3-H4 complex and p60" of another complex, which is shown as the electrostatic

potential surface (color range, -3 to +3 kgT/e). H3-H4 binds a positively charged region
spanning blades 1 to 3 of p60". (D) Two views of the mismatched H3 dimerization
areas, which are indicated by a pair of arrows labeled “two dimers,” in the 2:2 complex.
The two H3-H4 heterodimers from the cryo-EM structure are shown in a cartoon model
superposed with a magenta semitransparent density map. For comparison with the
face-to-face placement of two H3 dimerization surfaces in a tetramer, an additional
H3-H4 heterodimer (cartoon model with H3" in bright orange and H4' in green cyan)
is modeled onto one of the H3-H4 heterodimers in the 2:2 complex. The tetramer
interface is indicated by a bidirectional arrow line labeled “tetramer.”

the one-CAF-1-bound and the two-CAF-1-
bound ditetrasome structures from the LC and
FC complexes of CAF-1 are highly similar (fig.
S11, E and F). Therefore, we will use the struc-
tures obtained from the CAFI-LC for the dis-
cussion that follows.

In the CAF-1-bound right-handed ditetra-
some, a 108-bp DNA segment wraps around
two overlapping H3-H4 tetramers ~1.5 times
in a right-handed manner (Fig. 6A and fig.
S12). Each H3-H4 tetramer binds DNA sim-
ilarly to that in the nucleosome, except at the
border of two tetramers, where the a2-0.3 ends
of H4s from two tetramers move in opposite

Liu et al., Science 381, eadd8673 (2023)

directions laterally and closer longitudinally
(Fig. 6B). As a result, the N-terminal ends of
H3 a2 and H4: a3 of the abutting H3-H4: hetero-
dimers form the interface between two H3-H4:
tetramers (Fig. 6B). This dislocation at the in-
terface of two H3-H4 tetramers is responsible
for the right-handedness of the CAF-1-bound
ditetrasome, which sees an opening of ~45 A
between the two gyres of DNA situated dia-
metrically from the tetramer-tetramer interface
(Fig. 6A). The peculiar H3-H4 tetramer inter-
face is stabilized by the binding of p60 to the
nearby C-terminal portion of H4 02 by means
of the B propeller’s ventral surface edge span-

25 August 2023

ning blades 2 and 3 (Fig. 6C). Additionally, p60
is stabilized on DNA through a positively charged
surface area adjacent to its H4 binding region,
spanning the contiguous ventral surface edge
of blades 3 and 4. The DNA binding property of
P60 was confirmed by an electrophoretic mo-
bility shift assay (EMSA) (fig. S13A). Further-
more, the oN helices of two centrally located
H3s belonging to different H3-H4 tetramers
became ordered and interacted with DNA, H4
al of the same heterodimer, and H4 02 from
the nonadjacent heterodimer of the other H3-
H4 tetramer (fig. S13B). The right-handed dite-
trasome does not permit continuous addition
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Fig. 6. CAF-1 induces right-handed DNA wrapping of H3-H4 in vitro.

(A) Two views of the 3.8-A resolution cryo-EM structure of the CAF-1-bound
right-handed ditetrasome. Shown at the top is a cryo-EM density map contoured
at 3.0c. Regions for H3, H4, and DNA are colored according to the displayed
color stripes, whereas that of p60 and p150 are colored as in Fig. 2A. Blades 1
to 7 of p60 are labeled as Bl to B7. A black arrowhead marks the dyad
position at the interface between two H3-H4 tetramers, Tetra-l and Tetra-Il.
Shown at the bottom is a cartoon model of the structure. The two H3-H3
interfaces within the two tetramers and the H4 interface between Tetra-l and
Tetra-Il, which is highlighted in a circle, are labeled with arrows. The box in the
right panel indicates the location of ordered aN of H3 in Tetra-| interacting
with H4 of Tetra-Il. (B) A close-up view of the inter-tetrasomal interface
corresponding to the encircled region in (A). (C) Interaction of p60 with one
H3-H4 heterodimer and DNA at the inter-tetrasomal interface. The electrostatic
potential surface of p60 (=3 to +3 kgT/e) is shown. The positively charged region
spanning blades 2 to 4 contacts histones and DNA. (D) Schematic of the
single-molecule FOMT for determining the handedness of DNA wrapping. The
clockwise and counterclockwise circular arrows represent left- and right-handed
turns from views looking down at the beads. (E) The top row shows the time
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(left) and normalized distribution of 6 changes with Gaussian fit (middle) of a
single event. Mean values of each assembly step are indicated with red line
segments. The histogram in the right panel shows the distribution of rotational
changes (A8) from 11 independent tetrasome assembly events. The count ratio
is defined as the number of times that a specific size rotation was observed
divided by the 11 total events (N = 11). The bottom row shows the time course of
the extension length (z) of a single DNA tether (left), with the red line showing
z values averaged over 50-ms intervals, and normalized counts shown in the
left panel with Gaussian fit (middle) of the same event as described above. The
right panel shows the distribution of Az values from the same 11 independent
events as above displayed as a violin and box plot. The horizontal line represents
the median, the height of the box extends the quartiles, and the whisker indicates
the data range.
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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 B6-06-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-A 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), is schematically shown in
Fig. 6D. Observation of 11 independent assem-
bly events shows that CAF-1 promoted right-
handed DNA wrapping by an average of 0.9
turns, concomitant with the reduction of the
DNA extension length by an average of ~19 nm
(Fig. 6E and fig. S14A). By contrast, yeast
NAP1 promotes left-handed DNA wrapping by
an average of —0.9 turns, accompanied by the
reduction of DNA extension of ~21 nm (fig.
S14:B). The latter result is consistent with a
previous finding that NAP1-assembled tetra-
somes are preferentially in a left-handed state,
despite being able to spontaneously flip be-
tween the two handedness states (54). We
cannot clearly distinguish whether DNA wraps
one or two H3-H4 tetramers because the dis-
tribution of DNA extension change is quite
broad, possibly indicating the existence of a
mixture of tetrasomes and ditetrasomes.

Discussion

Our crystallographic and cryo-EM studies here
reveal the long-anticipated structures of CAF-1
in the absence and presence of histones H3-
H4. The structures uncover substantial struc-
tural plasticity and conformational dynamics
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underlying CAF-1’s histone binding activity,
and our biochemical, nucleosome assembly,
and transcriptional analyses corroborate the
structural findings that the ED domain of p150
is crucial for H3-H4 binding. The structure of
the 1:1 complex of CAF-1 and H3-H4 shows
that the homodimerization interface of H3 is
exposed, but formation of an H3-H4 tetra-
mer is prohibited because of steric clashes
with p60. This finding agrees with and pro-
vides structural rationales to the recent results
from biochemical analyses of the yeast com-
plex (35, 52).

Maintaining the integrity of parental and
nascent H3-H4 tetramers during DNA repli-
cation has important implications in epige-
netic inheritance (4). Our observation that the
ED domain of p150 binds the large H3-H4
region that overlaps with the MCM2 binding
site suggests a measure to segregate parental
and newly synthesized H3-H4 (40). Assembly
of H3-H4 tetramers from newly synthesized
histones by CAF-1 is needed for proper chro-
matin inheritance. Interestingly, we found that
the two H3-H4 heterodimers bound by two
CAF-1 complexes are not in a tetrameric con-
figuration, indicating that the process of
H3-H4 tetramer assembly may be regulated.
Although the structure of the 2:2 complex was
only determined at relatively low resolution,
the model was reliably built with the help of
the higher-resolution 1:1 complex structure. In
the 2:2 complex, the two H3-H4 heterodimers
are positioned with the H3 dimerization inter-
faces next to each other, but their relative
orientation and the distance between them
deviate from that in an H3-H4 tetramer. It
should be cautioned that our observation
of the two H3-H4 dimers in the 2:2 complex
does not exclude the possibility of a complex of
CAF-1 with a H3-H4 tetramer that is not ob-
served owing to low abundance or other con-
ditions. For example, what we observed may
represent a stable intermediate trapped under
a specific condition, such as the DNA length
used. In this arrangement, the spatial locations
of the two p60s are the primary obstacle for
aligning the two H3-H4 dimers for tetramer
formation. Therefore, a remodeling of the in-
teraction between p60 and H3-H4 is required
for the assembly of an H3-H4 tetramer. It is
possible that the binding of suitable-length
DNA may facilitate efficient remodeling of
the interaction between p60 and H3-H4 and
the assembly of H3-H4 tetramers. Our SEC-
MALS analysis showed that 30-bp DNA pro-
moted the dimerization of two CAF-1-H3-H4
complexes, though the short DNA may have
trapped the complexes at an intermediate state
before the completion of the H3-H4 tetramer
formation. Furthermore, a recent study also
showed that DNA-loaded PCNA interacts with
two CAF-1 complexes and promotes efficient
nucleosome assembly (55).
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Nucleosome assembly by CAF-1 occurs in two
sequential steps: the formation of an H3-H4
tetrasome followed by the joining of H2A-H2B
(8). Using the 147-bp Widom 601 DNA, we ob-
served two different forms of ditetrasomes—
a left-handed one and a CAF-1-bound right-
handed one—from our in vitro assembly with
H3-H4, DNA, and CAF-1. Considering that the
left-handed ditetrasome was also obtained
from the assembly of H3-H4 and DNA without
CAF-1 (563), it most likely resulted from exces-
sive H3-H4 added in our sample preparation.
Handedness aside, the first critical question is
whether ditetrasomes do occur during nucleo-
some assembly. Because histones H3-H4: are
in a tetrameric form in the nucleosome, it has
been taken for granted that the nucleosome
assembly proceeds through an intermediate
composed of a tetramer of H3-H4 wrapped by
DNA. With a relatively short fragment of DNA
(~80 bp), a well-defined complex of an H3-H4
tetramer with DNA can be identified in vitro
(35, 56). However, when presented with a longer
DNA, the distinction between two independent
H3-H4: tetrasomes or a ditetrasome is unclear.
Tt also remains to be determined whether di-
tetrasomes, as a transient intermediate or as
arelatively stable form of a non-nucleosomal
histone-DNA complex, occur in a physiological
setting. Nevertheless, one may imagine certain
advantages of proceeding through a ditetrasome
intermediate during nucleosome assembly. For
example, a ditetrasome may serve as a more au-
thentic “placeholder” for nucleosomes because
it engages more than 100 to 120 bp of DNA in-
stead of the ~45 to 55 bp for a tetrasome.

It is surprising that DNA wraps H3-H4 tetra-
mers in a right-handed form in the CAF-1-
bound ditetrasome. A previous study showed
that CAF-1 is associated with the chromatin
precursor (8), but the exact form of the pre-
cursor is unknown. Biophysical and biochemical
studies demonstrated that H3-H4: tetrasomes
exist in a dynamic equilibrium of left-handed
and right-handed forms in vitro (54, 57). How-
ever, very little is known about the right-handed
DNA wrapping of histones in physiological
settings, except in the context of centromeric
chromatin (58). The structure of the CAF-1-
bound right-handed ditetrasome and our single-
molecule FOMT characterizations demonstrate
that CAF-1 promotes right-handed DNA wrap-
ping in vitro. Whether this also occurs in vivo
and what the functional implication might be
are not presently clear. We may speculate that
a right-handed intermediate may balance the
predominantly left-handed torsion of the tetra-
some assembled from parental H3.1-H4, which
are inherited mostly as an intact tetramer (4),
to alleviate torsion stress and facilitate timely
progression of the replication fork. It may also
be helpful for replication of certain specialized
chromosomal regions such as the centromere.
Clearly, future efforts are needed to validate
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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 pFastBacl (Invitrogen). Plas-
mids carrying an N-terminal fusion of GST to
p150 and a C-terminal fusion of 6xHis 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-OsTIRI1-
PURO, Addgene, no. 72834). The OsTIR1(F74G)
cDNA sequence was cloned into AAVSI-Neo-
CAG-Flpe-ERT2 (Addgene, no. 68460) by Seam-
less Cloning (Beyotime) to replace the Flpe-ERT2
sequence. The spacer sequence targeting AAVSI
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
pI150 and p60 were 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
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(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:), p60AC-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-HCI, 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 NacCl 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
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Healthcare) size-exclusion column in buffer
A-2000, which contains 2 M NaCl. C-terminal
6xHis-tagged p48 and p60AC 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 pCDFDuetl-
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 ul
of protein solution (7 to 10 mg/ml) mixed with
1.0 ul 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 3151 CCD
detector (ADSC) using a wavelength of 0.97915 A
or beamline BL19U using Pilatus 6M detector
at a wavelength of 0.97853 A. Data were pro-
cessed using the HKL2000 software package
(60). Most of the crystals belong to the C222;
space group, whereas a small percentage have
a P2, or a C2 space group. The C222,, P2,, and
C2 crystals diffracted to 3.5-, 3.6-, and 3.4-A
resolutions, respectively. The C222; structure
was determined by molecular replacement (MR)
with PHASER (67) using the crystal structures of
human p48/RBBP4 [Protein Data Bank (PDB)
ID 3GFC] and the human WD40-repeat pro-
tein Ciaol (PDB ID 3FMO) 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 Ry and
Riee 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 C222; 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 (DNA3,)
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 MgCl,) at a concentration of 20 uM
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 (CAFI1-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 Hil.oad
16/60 Superdex 200 column to remove exces-
sive histones, and concentration of the purified
complex to ~10 mg/ml. The preassembled CAFI-
LC-H3-H4 complex and DNAg, were then mixed
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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 CAFI1-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 (DNA,4;) was performed
by mixing WT or truncation variants of CAF-1,
histones H3-H4, and DNA,,; 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 ul 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 pl 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
CAFI-LC-H3-H4~-DNAg,, CAFI-FC-H3-H4-DNA,,
and CAF1-LC-H3-H4-DNA,,; samples and the
300 mesh Quantifoil R2/1 gold grid for the
CAF1-LC-H3-H4-DNA,,; sample. The grids were
treated with the Gatan Model 950 Advanced
Plasma system using O,/Ar for 60 s. A 3-ul 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
filter paper (diameter 55 mm, Whatman, GE Health-
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-EM samples were
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-A
physical pixel size (0.5-A super-resolution pixel
size). The defocus range was set between -1.0
and -15 um. Each image was exposed for 5 s,
resulting in total electron exposure of ~50 e /A%
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(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 CAFI1-LC-H3-H4 com-
plex and DNAg, 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 Gcetf (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 (77) 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-A
map. Local refinement with a local mask im-
proved the map resolution to 3.8 A. 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 A for the CAFI1-LC-H3-H4 dimeric
complex. Further refinement with C2 symmetry
resulted in a 6.1-A resolution map.

For the CAF1-FC-H3-H4-DNA;, 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-A map. Because the
CAFI1-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 A) 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 A. In the final mono-
mer particle set, 77 and 23% of the particles are
from the FC and LC particle sets, respectively.
The CAFI1-FC dimer class containing 168,932
particles was combined with the CAFI1-LC di-
mer dataset containing 53,708 particles, and
the overlap removed within the 130-A 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 A. Further refinement using C2
symmetry produced a 5.9-A 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-A (protomer I)
and 4.58-A (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-A 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-DNA,,,
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-
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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
amap at an overall resolution of 3.5 A. 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 A.

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 A. 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 5.6A and 6.3 A with and without C2
symmetry imposed, respectively.

A flow chart summarizing data processing
procedures for the CAFI-FC-H3-H4-DNA,,; 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 CAFI-FC-ditetrasome com-
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plexes. For the single CAFI-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 A. 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 A.

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 CAFI-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
COQT. 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-A dimeric CAF-1-
H3-H4 complexes and the 5.6- and the 6.6-A
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-A 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 (Schrodinger 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 ¢$X174 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-HCI, pH 7.5, 125 mM
NaCl, 2 mM MgCl,, 0.5 mM DTT, and 0.1 mg/ml
bovine serum albumin (BSA)] at 37°C for 1 hour
and kept at room temperature ready for use.
Histones H3.1-H4 (100 ng) were preincubated
with 100 and 200 ng each of yNAP1, WT CAF-1,
or its mutants in the assembly buffer at 37°C
for 30 min. To initiate the assembly reaction,
100 ng of relaxed plasmid DNA was added to
the chaperone-histone mixture and incubated
for 15 min at 37°C. The 25-ul standard chro-
matin assembly reaction was stopped by the
addition of EDTA to 20 mM and SDS to 0.5%
and 0.5 mg/ml proteinase K, followed by in-
cubation at 55°C for 15 min before phenol-
chloroform extraction. The DNA samples were
analyzed on a 1% agarose gel in 1x TAE buffer
(40 mM Tris-acetate, 1 mM EDTA) at 90 V for
4 hours with ethidium bromide staining.

GST-pulldown

To analyze the interaction of p150 with p48 and
P60AC proteins, 3 ug of GST or GST-fused p150M
or different p150 fragments were first immobil-
ized on 5 pl of glutathione Sepharose 4B resins
(GE Healthcare), followed by incubation with
5 ug each of p48 and p60AC in 500 pl of binding
buffer (20 mM Tris-HCl, pH 7.5, 500 mM NacCl,
5 mM 2-mercaptoethanol, and 1 mM EDTA)
under continuous rotation at 4°C for 2 hours.
The resins were then washed five times with 1 ml
of binding buffer. Bound proteins were eluted in
the SDS sample buffer, separated on a 15% SDS-
PAGE gel, and stained with Coomassie blue.

To test the interactions between CAF-1 and
histones H3-H4, 3 ug of GST or GST-fused WT
or mutant CAF-1 complexes were immobilized
on 5 ul of glutathione Sepharose 4B resin (GE
Healthcare), which was then mixed with 5 pg
of H3.1-H4 or its mutants in 500 ul of binding
buffer (20 mM Tris-HCI, pH 7.5, 500 mM NacCl,
5 mM 2-mercaptoethanol, 0.01% NP-40, and
1 mM EDTA), and the mixture was rotated
overnight at 4°C. The resins were then washed
five times with 1 ml of washing buffers modi-
fied from the binding buffer with 0.1% NP-40
and 500 mM or 1 M NaCl. Bound proteins were
eluted in the SDS sample buffer and analyzed
by Coomassie-stained SDS-PAGE.

Cell lines

HEK 293FT cells (Thermo Fisher, R70007) were
maintained in Dulbecco’s modified Eagle me-
dium (DMEM) (Gibco) supplemented with 10%
(v/v) fetal bovine serum (FBS) (Biological Indus-
tries) and penicillin-streptomycin (Sangon Biotech).
HAP1 cells (Horizon) were cultured in Iscove’s
modified Dulbecco’s medium (IMDM) (Gibco)
supplemented with 10% FBS and penicillin-
streptomycin. To integrate the OsTIR1 expres-
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sion cassette into the A4VSI locus, cells cotrans-
fected with AAVS1-Neo-CAG-OsTIR1(F74G) and
1lentiCRISPR-sgAAVSI by jetOPTIMUS (Polyplus)
were selected by 1 mg/ml G418 for 7 days and
then seeded into 96-well plates by fluorescence-
activated cell sorting (FACS). Clones from single
cells were expanded and analyzed by Western
blotting and reverse transcription quantitative
PCR (RT-qPCR). AID-tagged p150 or p60 fusion
clones were generated as previously described
(75). Transfected cells were selected by 0.2 ug/ml
puromycin for 2 days. Cell clones from single
cells were expanded and analyzed by genotyping
PCR and Western blotting. Only clones with bi-
allelic insertions were kept for future experi-
ments. Constructs expressing pI150 or p60 were
introduced into p150-AID or p60-AID cells by
lentiviral transduction, respectively; stable cells
were selected by 5 pg/ml blasticidin; and ex-
pressions of exogenously introduced genes were
examined by Western blotting.

RNA-seq and data analysis

Cells grown in a six-well plate were extracted
with 1 ml of TRIzol reagent (ThermoFisher,
15596026) according to the manufacturer’s
instructions. Total RNA was prepared with
two biological replicates for each genotype or
treatment. Poly-A-tailed mRNA molecules were
captured using attached oligo-dT and subjected
to library construction according to the manu-
facturer’s recommendations.

mRNA-seq libraries were sequenced on the
NovaSeq 6000 platform by Annoroad Gene Tech-
nology Co., Ltd., using STAR aligner (v2.7.9a), and
mRNA-seq read pairs were mapped to the hu-
man genome sequences (hg38) with Gencode
annotations. Differential gene expression anal-
ysis was performed using DESeq2 software,
and differentially expressed genes (DEGs) were
identified using the cutoff adjusted p value
<0.05 and fold change >2.

Cell proliferation assays

To analyze the effects of p150 and p60 mutants
on cellular proliferation, cells were seeded into
96-well plates at a density of 1000 cells per well.
Doxycycline was added to the medium at a final
concentration of 2 pg/ml while seeding. After
24 hours, the medium was changed, and 5-Ph-IAA
was added to cells at a final concentration of 1 uM
to induce the degradation of endogenous p150
or p60 in the presence of doxycycline to maintain
the expression of exogenous p150 or p60. Medium
was changed every day to supply fresh doxycycline
and 5-Ph-IAA. At 6 days after 5-Ph-IAA treatment,
cell viability was measured by CellTiter-Glo re-
agent (Promega). Survival rate was quantified
as the ratio of the number of survived cells to
the cell number in the control treatment.

RelN-Map, MNase-seq, and data analysis

The ReIN-Map protocol was adapted and mod-
ified from those used in (76-78). To analyze the
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effects of CHAF1A and CHAF1B mutants on
nascent nucleosome landscape after DNA rep-
lication, cells were seeded into 150-mm dishes
at a density of 1 x 107 per dish. Twelve hours
after seeding, doxycycline was added to the
medium at a final concentration of 2 ug/ml.
After 24 hours, the medium was changed, and
5-Ph-IAA was added to a final concentration of
1 uM in the presence of doxycycline to main-
tain the expression of exogenous CHAF1A or
CHAF1B. After 6 hours, the cells were pulse-
labeled with 20 uM EdU (SANTA CRUZ, sc-
284628) for 10 min. After the EAU pulsing,
cells were immediately fixed in 1% formalde-
hyde for 10 min. Then, glycine was added to a
final concentration of 0.125 M, and the reac-
tion was incubated for 5 min at room temper-
ature. Cells were then collected by scraping with
a cell lifter and transferred into 15-ml tubes.
After centrifugation, the cell pellets were re-
suspended in cold PBS and transferred into a
1.5-ml Eppendorf tube.

Fixed cells were resuspended in Buffer I
(50 mM HEPES, pH 7.5, 1 mM EDTA, 140 mM
NaCl, 10% glycerol, 0.5% NP-40, and 0.25%
Trition X-100) and incubated at 4°C for 10 min.
After centrifugation, the cell pellets were resus-
pended in Buffer IT (10 mM Tris-HCl, pH 7.5,
1 mM EDTA, 0.5 mM EGTA, and 200 mM
NaCl) and incubated at room temperature for
10 min. After centrifugation, cell nuclei were
resuspended with Buffer III (10 mM Tris-HCI,
pH 7.5, 60 mM KCl, 15 mM NaCl, and 3 mM
MgCl,), and briefly sonicated for 30 s with a
bioruptor (Diagenode). The samples were split
into two 1.5-ml Eppendorf tubes for MNase di-
gestion and chromatin sonication separately.
For MNase digestion, 300-ul samples were in-
cubated at 37°C for 3 min with 10 ul of MNase
(lab stock), and digested in the presence of
2 mM CacCl, for 10 min. The digestion was
stopped with a final concentration of 10 mM
EDTA, and SDS was added at a final concen-
tration of 1%. For chromatin sonication, SDS
was added at a final concentration of 1%, and
300-ul samples were transferred into a sonica-
tion tube. Then, 1 ml of NLB buffer (50 mM Tris,
pH 7.5, 10 mM EDTA, and 1% SDS) and soni-
cation beads were added to each sample and
sheared to 300- to 500-bp-sized fragments with
a bioruptor. Both MNase-treated and sonication-
fragmented chromatin were de-cross-linked
at 65°C overnight with 50 ug of proteinase K.
After incubation, phenol-chloroform-isoamyl
alcohol (PCI) extraction was performed, and
RNase-A was added to the aqueous phase, which
was then incubated at 37°C for 15 min. PCI ex-
traction was performed again, and the DNA in
the aqueous phase was precipitated by add-
ing 2.5x volume of ethanol, 200 mM NaCl, and
glycogen and then incubated at —20°C over-
night. After centrifugation, the DNA pellet was
washed with 70% ethanol and resuspended
in 10 mM Tris-HC, pH 7.5. The extracted DNA

13 of 16

G20z ‘ST Jequieidss uo SO‘sasAydolg Jo aninsu| e 61090Us 105 MMM//:Sd1Y WO pepeojumoq



RESEARCH | RESEARCH ARTICLE

fragments were subjected to end repair, A-
tailing, and adaptor ligation using the NEB
Ultra IT DNA Library Prep kit (E7645) following
the manufacturer’s instructions. After reserv-
ing an aliquot for input (MNase-seq), EAU-
pulsed DNA (MINCE-seq and Sonication-seq)
was biotinylated under the following condi-
tions: 15 mM Tris-HCI, pH 7.5, 0.5 mM biotin-
TEG-azide (Jena Bioscience), 0.1 mM CuSO,
(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
(1.1x) and resuspended in 10 mM Tris-HCI,
pH 7.5. Next, biotinylated DNA was pulled
down using Myone C1 beads (Invitrogen).
Six pl of beads per sample were balanced by
three washes with 1x BW&T buffer (5 mM
Tris-HCI pH 7.5, 0.5 mM EDTA, 1 M Na(l,
and 0.05% Tween-20) and resuspended in 2x
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 1x BW&T, twice
with 1x TE with 0.05% Tween-20, and once
with 10 mM Tris-HCl, pH 7.5 and resuspended
in 10 pl of ddH,O. 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 1x 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)
(GSM4:640493) (81)

Molecular weight determination by SEC-MALS

Molar masses of protein or protein-DNA com-
plexes in solution were determined by SEC-
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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-HCI, 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 DNA3, 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 Styl restriction site. Purified
ligation products were further ligated with
the 147-bp Widom 601 DNA via the Bsal re-
striction site, and the full-ligation product was
purified by gel extraction.

Upon treating the coverslips with piranha
solution, polystyrene beads (2 pm, 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 ul
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 ul 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, P244:3),
and 3 mM NaNj] 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 ul of purified
full-ligated DNA (3 pg/ul) in FOMT buffer
was loaded and incubated at room temper-
ature for 20 min before the flow-cell was
further washed with 200 ul 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 ul
of FOMT buffer was flowed into the flow-cell
to flush away the unbounded beads.
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Yeast Napl-H3H4 (200 nM) and human
CAFI-FC-H3-H4 (50 nM) complexes were kept
in the preincubation buffer (50 mM KCl, 25 mM
HEPES, pH 7.5,0.1 mM EDTA, 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, 2) 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 (x., y.) and radius Reirce
of the beads’ trajectories are fitted using the
least squares method, that is, minimizing the
sum of the squares of the residuals:

minitcﬁyc Reirge —
Z[(xz - xc)2 + (i — yc)2 - Rcirclez] (1)
i
To calculate parameters 2, ¥, and R,qe from
the bead’s position («; y;), we defined matrix A
and vector b, 2:

oy 1
a=|mom 1

Tn Yo 1

2%+ 1®
b= 5* + Yo ,and

2 + yn®

22,

Z = 2y, (2)

"2 a2 —y2

The overdetermined system is
AT =1b (3)
The solution of which is given by
Z=(A"4) 4" (4)
After finding ., y., and Rgqe, We set the
pole of the polar coordinates system as (2., ¥c)-

By denoting the bead’s position vector (z;, ¥;)
as 7';, the rotation from position 7; to 74, is

given by
<?i7 ?i+l>

AO; ;.1 = arccos ———= (5)
}7‘1' ‘ |T i+1 }

The angles of rotation from the initial position
are given by

k-1
AB;ji1,
0 — {} : 81+1

i=1

AB; i1
k=1 O

The polar coordinates (7; ¢;) are given by
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7= \/(xi 2+ wi-v)’ ()
¢, = arctan (%) (8)

The code used for analyzing and plotting

FOMT data is archived at Zenodo (85).

EMSA

In each EMSA reaction (total volume of 20 pl),
a mixture of 0.5 uM 147-bp DNA with 0.5, 1,
2.5, 5, or 10 uM of p60AC 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 0.5x 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 Sidak test was used to calculate
p values. Data for RNA-seq are presented with
two biological replicates.
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