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e DNAJCY is a dual histone chaperone and heat shock co-
chaperone

e Crystal structure reveals the binding mode of DNAJC9 with
H3-H4 dimers

e DNAJC9 recruits HSP70 enzymes to guard histone structural
integrity

e ATP-dependent protein folding is integral to histone
chaperone biology
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In brief

Hammond et al. identified and
characterized a histone chaperone
functionality in the heat shock co-
chaperone DNAJC9. DNAJC9 directs
molecular chaperones to histone
substrates, facilitating their supply to and
transactions within chromatin. This study
highlights that histone chaperones and
molecular chaperones combine to fully
protect histone proteins on route to
chromatin.
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SUMMARY

From biosynthesis to assembly into nucleosomes, histones are handed through a cascade of histone chap-
erones, which shield histones from non-specific interactions. Whether mechanisms exist to safeguard the
histone fold during histone chaperone handover events or to release trapped intermediates is unclear. Us-
ing structure-guided and functional proteomics, we identify and characterize a histone chaperone function
of DNAJCY, a heat shock co-chaperone that promotes HSP70-mediated catalysis. We elucidate the struc-
ture of DNAJCS, in a histone H3-H4 co-chaperone complex with MCM2, revealing how this dual histone and
heat shock co-chaperone binds histone substrates. We show that DNAJC9 recruits HSP70-type enzymes
via its J domain to fold histone H3-H4 substrates: upstream in the histone supply chain, during replication-
and transcription-coupled nucleosome assembly, and to clean up spurious interactions. With its dual func-
tionality, DNAJC9 integrates ATP-resourced protein folding into the histone supply pathway to resolve

aberrant intermediates throughout the dynamic lives of histones.

INTRODUCTION

In its simplest form, chromatin consists of an array of repeating
subunits called nucleosomes, each of which contains a complex
of eight interwoven histone proteins that wrap 146 bp of DNAina
left-handed superhelix (Luger et al., 1997). The positioning and
composition of nucleosomes governs access to DNA, thereby
affecting all aspects of genome function, including cellular
gene expression programs, silencing of repetitive elements,
and DNA repair (Allis and Jenuwein, 2016; Lai and Pugh, 2017;
Nicetto and Zaret, 2019; Yadav et al., 2018). Given the high affin-
ity of histones for both DNA and RNA, navigating the cellular
landscape from synthesis on the ribosome to a specific site in
the genome is a major challenge in histone supply. Throughout
this process, histone chaperones shield histones from spurious
interactions by binding to the exact same surfaces of histones
required for nucleosome assembly (Hammond et al., 2017; Mat-
tiroli et al., 2015; Pardal et al., 2019). In this manner, histone
chaperones buffer the interactions of histones with DNA,
ensuring the formation of proper nucleosomal contacts during
the assembly process (Andrews et al., 2010). Histone chaperone
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functionality is also physically integrated within and tethered to
ATP-driven enzymes, including DNA and RNA polymerases, hel-
icases, and remodeling enzymes (Hammond et al., 2017). For
example, histone chaperone activity is provided by SPT2,
SPT6, HIRA, and FACT during transcription and CAF-1,
MCMZ2, and FACT during DNA replication, while DAXX integrates
with the nucleosome remodeling enzyme ATRX (Hammond
et al., 2017). Histone chaperones thereby provide pathways for
histone recycling, de novo deposition, and exchange, which
are central to the maintenance and plasticity of chromatin (Gur-
ard-Levin et al., 2014; Hammond et al., 2017).

An emerging theme in histone chaperone biology is that his-
tone chaperone capabilities are often distributed across several
proteins so that no one protein forms a complete shield around
their histone cargo. Rather histone chaperones tend to collabo-
rate in histone co-chaperone complexes in which two or more
histone chaperones associate in an interaction bridged by a sin-
gle histone fold-dimer (Hammond et al., 2017). This modular
framework provides opportunities to fine-tune the function of
each histone chaperone complex, through the removal or
replacement of histone co-chaperone partners. This flexibility
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allows the histone chaperone network to efficiently integrate his-
tone supply with a large range of chromatin processes. Another
defining feature of histone chaperone activity is the ATP-inde-
pendent mode of action (Elsasser and D’Arcy, 2013), which con-
trasts to the heat shock molecular chaperones that use ATP to
remodel proteins and protein complexes more generally (Clerico
et al., 2019; Genest et al., 2019; Rosenzweig et al., 2019). Heat
shock chaperones have been implicated in the initial folding of
histones (Alvarez et al., 2011; Campos et al., 2010) and in their
degradation (Cook et al., 2011). Beyond these processes, his-
tone supply is otherwise understood to be independent of heat
shock-mediated protein folding and orchestrated through “his-
tone handover” events between histone chaperones (Hammond
et al., 2017; Pardal et al., 2019).

Histones H3 and H4 are thought to engage the histone chap-
erone supply network shortly after biosynthesis by first engaging
the histone chaperone NASP (Campos et al., 2010). NASP stim-
ulates the ATPase activity of HSP90 (Alekseev et al., 2005) and
can bind H3 monomers and H3-H4 dimers (Bowman et al.,
2017). These attributes could allow NASP to play an active role
in the co-folding of H3-H4 in vivo; alternatively, they could reflect
a HSP90-dependent holdase function (Genest et al., 2019), al-
lowing NASP to protect newly synthesized H3 from degradation
(Cook et al., 2011). Once folded, histone H3-H4 dimers associate
with ASF1, a central node in the histone chaperone supply
network (Hammond et al., 2017). ASF1 has two isoforms,
ASF1A and ASF1B, that share conserved histone binding modes
(English et al., 2006; Huang et al., 2015; Natsume et al., 2007).
The isoforms are differentially regulated (Corpet et al., 2011)
but function in a partly redundant manner (Groth et al., 2005,
2007). ASF1 forms histone-dependent interactions with several
histone chaperones during supply, including MCM2, TONSL,
NASP, Importin-4 (IPO4), RbAp46/48 (RBBP7/RBBP4), and
Vps75 in yeast (Campos et al., 2010, 2015; Groth et al., 2007;
Hammond et al., 2016; Jasencakova et al., 2010; Saredi et al.,
2016). ASF1 also directly associates with the deposition chaper-
ones CAF-1 and HIRA (Daganzo et al., 2003; Mello et al., 2002;
Tyler et al.,, 2001) through a similar interaction motif (Malay
et al.,, 2008; Tang et al., 2006). Additional binding constraints
allow ASF1A and ASF1B to specify a preference for HIRA and
CAF-1, respectively (Tagami et al., 2004; Tang et al., 2006;
Zhang et al., 2005). This culminates in the deposition of H3.1/
2-H4 by CAF-1 and H3.3-H4 by HIRA at sites of DNA replication
and transcription, respectively (Tagami et al., 2004).

MCM2 is an integral part of the CMG helicase (CDC4, MCM2-
7, and GINS) that unwinds DNA prior to its replication, and con-
tains a histone H3-H4 binding domain (Foltman et al., 2013; Groth
et al., 2007; Huang et al., 2015; Richet et al., 2015; Wang et al.,
2015) that promotes the balanced inheritance of parental his-
tones to both nascent DNA strands (Gan et al., 2018; Petryk
et al., 2018). Intriguingly, MCM2 also acts as a chaperone for
newly synthesized histones prior to their deposition onto DNA.
In this capacity, MCM2 forms co-chaperone partnerships with
ASF1 and TONSL (Groth et al., 2007; Huang et al., 2015; Jasen-
cakova et al., 2010; Saredi et al., 2016). ASF1 binds histone H3-
H4 dimers by blocking their tetramerization interface (English
et al., 2006; Natsume et al., 2007), and TONSL binds the H4 tail
unmethylated at lysine 20 (Saredi et al., 2016), a mark of newly
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synthesized histone H4 (Alabert et al., 2015; Saredi et al., 2016).
TONSL possesses both histone chaperone and histone reader
activities (Campos et al., 2015; Saredi et al., 2016). Meanwhile,
MCM2 chaperones the DNA and H2A-H2B binding surfaces of
histone H3-H4 (Huang et al., 2015; Richet et al., 2015; Wang
et al., 2015) and when combined with co-chaperones ASF1 and
TONSL is the perfect example of histone chaperones collabo-
rating to protect their cargo from spurious interactions. We hy-
pothesized that additional histone co-chaperone partners of
MCM2 and TONSL may exist and devised a proteomic screen
to identify their histone-dependent interactors. We identified
DNAJC?9 as a co-chaperone of MCM2 and TONSL that can sub-
stitute for ASF1. Our structure-function characterization reveals
that DNAJC9 has both heat shock co-chaperone and histone
chaperone functionalities, integrating ATP-dependent protein re-
modeling enzymes into the histone chaperone network to safe-
guard histone H3-H4 dimer integrity.

RESULTS

The heat shock co-chaperone DNAJC9 functions as a
histone chaperone
To identify potentially uncharacterized histone chaperones, we
profiled the histone-dependent interactions of the histone chaper-
ones MCM2 and TONSL by comparing the interactomes of their
wild-type (WT) and histone binding mutant (HBM) forms in SILAC
(stable isotope labeling with amino acids in cell culture) label swap
co-immunoprecipitation experiments (Figures 1A-1C). For this
purpose, we used the MCM2 Y81A Y90A and TONSL N571A mu-
tants, which disrupt histone binding, as demonstrated previously
(Huang et al., 2015; Saredi et al., 2016). Mass spectrometry anal-
ysis of these pull-downs confirmed the histone co-chaperone re-
lationships between MCM2 and TONSL (Figure 1C) (Saredi et al.,
2016), MCM2 and ASF1 (Groth et al., 2007), and between MCM2
and the FACT complex (SPT16/SP16H and SSRP1) (Foltman
etal., 2013). TONSL also formed a histone co-chaperone complex
with FACT (Figure 1C), demonstrating the histone dependence of
this previously reported interaction (O’Connell et al., 2010). MCM3
and MCM5 showed a histone-dependent interaction with MCM2,
suggesting that the histone-binding domain (HBD) of MCM2 sta-
bilizes non-chromatin-bound MCM2-7 hexamers, which are
otherwise salt labile (Fujita et al., 1997; Schulte et al., 1996). In
addition, we identified DNAJC9 as a putative histone chaperone
that formed co-chaperone interactions with both MCM2 and
TONSL similar to ASF1A/B (Huang et al., 2015; Saredi et al.,
2016) and FACT (Foltman et al., 2013) (Figures 1B and 1C).
DNAJC9 contains a J domain that acts as heat shock co-chap-
erone by binding and stimulating the ATP hydrolysis of HSP70-
type enzymes (Han et al., 2007), similar to other HSP40/Dnad fam-
ily members (Mayer and Gierasch, 2019). The catalytic activities of
HSP70-type enzymes, including HSP70 and HSC70, are hence-
forth referred to as “HSP70 catalysis.” Although DNAJC9 was pre-
viously identified in soluble histone H3.1 purifications (Campos
et al., 2010, 2015; Lambert et al., 2015), it remained unclear
whether DNAJC9 binds histones directly or shows histone variant
specificity. We found that DNAJC9 binds directly to H3.3-H4 and
forms a co-chaperone complex with MCM2 using recombinant
proteins (Figure 1D). Histone H3 variant pull-downs in cell extracts



Molecular Cell

MCM2 Log, Ratio WT,,,,. /HBM g,

¢? CellPress

OPEN ACCESS

MCM2: Wild Type MCM2: Histone Binding Mutant TONSL: Wild Type TONSL: Histone Binding Mutant
Histone Histone
MCM2 Y81A Y90A independent
MCM2 ﬁ.ﬁgggsg Histone TONSLNST1A interactors
independent
interactors i
Histone
dependent
H3 interactors
H4
U-2-08 C U-2-08
FlagHA-MCM2 WT vs HBM eGFP-TONSL WT vs HBM
SILAC (HA)-IP/MS (Soluble, n=2) SILAC (eGFP)-IP/MS (Soluble, n=2)
> Histone dependent 4 Histt t
interactors \ + ASF1B in'tserﬁ’anc‘?ocggpiﬂden DNJCO
4 * ASF1A *MCM2
DNJCO « H4 =
) o sl o Eg) spren oM
P16H
2+ MOMOSTIER sore1 o = * +SSRP1
. 5 . * ha
, "l)IIICM7 ’M’C.M2 8 : + MCM7
“MC N E
. e PN S o
-2+ R . & : .
L - - o~
. . [=2]
. <]
. 4 .
- . . —
4 . N [} .
. % _2_ - :
= .
-6 .
T T T T T T T
-2 0 2 4 6 2 0 2 4
MCM2 Log,, Ratio WT, . . /HBM i
92 L|ght/ Heavy TONSL Log, Ratio WTLigh\/HBMHeavy
E Hela S3
Mw & A v}“‘q Histone-FlagHA (H3.1/2/3/T or CENPA) H3.1  H3.1T H3.1  H3.1T
M & (HA)-IP / Western blot Mw FlaghA FlaghA — FlagHA FlagHA
- e - pnasCe (Soluble, n=2) 1/8?2 oot AR Do
40 - F - - e e o= 1ONSL
25-50 e -GST H3.3 188— ;
JUTgE i Mw FlagHA G @ - = - CAF1A
15 —w—— k4 /kDa & . + - Dox (0150)
R 98— R
Pulldowns ® T DX 9B~ - - = e \ICM2
38— [ SR DNAJCY 62— @D - - e = @ CAF1B
28— (p60)
HA 38—
Mw S ?}oo_, 17 — an ol - — - DNAJCO
/KD »
S Es Elution Input (2 % %=
75- = nput 2 %) 7 & - -
W - DNAJCY
45- — Elution Input (2.5 %)
25— @  _GST
15 — —_ 33 H3.2 CENPA
T MM e H4/MCM2 HBD Mw FlagHA Mw FlagHA
/kDa * - - Dox /kDa 4 + Dox
Pulldowns
g7 _ = wlum  CAF1A (p150) % g HIURP
“-em  EER cAFiB(o0) .
39 — 28— @ @» DNAJCY
— e em» DNAJCY
- - - - - 25x5x 5x DNAJC9
- - - -25x- - - NASPHBD 7- - —  HA - = A
- - -25%- - - - ASFIA Elution  Input (4.6 %)
- - + + + + + - Histone Octamer Elution Input (2 %)
-+ + + + + + + Topol
+ + + + + + + + DNA
R
G J Domain DNAJC9
DNAJCO [
115 82 260 H3-H4
S HSP70s.ATP — HSP70s.ADP MCM2 TONSL

Molecular Cell 87, 2533-2548, June 17, 2021

(legend on next page)

2535




¢ CellPress

OPEN ACCESS

showed DNAJC9 associates with H3.1/2/3 but not centromeric
CENPA or the testis-specific H3.1T variant (Figure 1E). Together,
we conclude that DNAJC9 binds somatic non-centromeric histone
H3 variants directly in a manner compatible with the co-associa-
tion of histones with MCM2 and/or TONSL. We found that DNAJC9
could assemble histones onto relaxed circular plasmid DNA with
efficiency comparable with ASF1A but weaker than NASP (Fig-
ure 1F). Together these results implicate DNAJC9 as a bona fide
histone chaperone. Thus, DNAJC9 encodes the dual functionality
of a histone chaperone and heat shock co-chaperone with the po-
tential to direct the protein folding activities of HSP70 molecular
chaperones (Clerico et al., 2019; Mayer and Gierasch, 2019; Rose-
nzweig et al., 2019) to histones H3 and H4 (Figure 1G).

Molecular basis of histone H3-H4 dimer recognition by
DNAJC9

As DNAJC9 binds directly to histones H3 and H4 and forms a co-
chaperone complex with MCM2 (Figure 1D), we set out to
explore the molecular basis for recognition of histones H3 and
H4 by DNAJC9. Our truncation analysis identified a HBD (amino
acids 171-249) located in the C-terminal part of DNAJC9 (Fig-
ures 2A and 2B; Figure S1A). To prevent disulfide cross-linking
during purification Cys243 of DNAJC9 was mutated to serine,
which did not influence histone binding (Figure S1B). We ob-
tained crystals of DNAJC9 HBD C243S in complex with histones
H3.3 (57-135) and H4 as well as MCM2 HBD (61-130) and solved
the structure at 2.50 A resolution by molecular replacement us-
ing our previous structure of the MCM2 HBD-H3.3-H4 complex
(Huang et al., 2015) (Figure 2C; X-ray statistics in Table 1). Two
copies of DNAJC9 HBD-H3.3-H4-MCM2 HBD quaternary com-
plex are found in an asymmetric unit, which are almost identical
with a small root-mean-square deviation (RMSD) of 0.47 A (Fig-
ure S1C). The structure shows that the HBDs of DNAJC9 and
MCM2 co-chaperone an H3.3-H4 dimer (Figures 2C and 2D).
MCM2 HBD wraps around the lateral DNA-binding interface of
the H3.3-H4 dimer, as shown previously (Huang et al., 2015; Ri-
chet et al., 2015; Wang et al., 2015), while DNAJC9 HBD recog-
nizes a relatively hydrophobic surface located mainly along the
H3.3 a2 helix. DNAJC9 HBD adopts two o helices labeled oA
and aB, each about 30 residues long, which are connected by
a loop Lb. The oA helix of DNAJC9 HBD interacts with H4 L1
and H3.3 L2 loops, while the B helix forms an antiparallel coiled
coil-like structure with H3.3 2.2 helix. Interestingly, the N-terminal
half of the aB helix sterically prevents H3-H4 tetramerization,
which otherwise forms within the MCM2 HBD-H3.3-H4 complex
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(Huang et al., 2015) and the nucleosome (Luger et al., 1997) (Fig-
ures S1D and S1E). The oB helix also forms a steric clash with
ASF1A/B (English et al., 2006; Natsume et al., 2007), which im-
plies that the binding of DNAJC9 and ASF1A/B to H3-H4 dimer
are mutually exclusive (Figure 2E). The DNAJC9 B helix would
also obscure the binding site of the SPT2 aC1 helix, if it were
to bind a H3-H4 dimer (Figure S1F). Note that the SPT2 HBD pre-
dominantly contacts a H3-H4 dimer in the context of an H3-H4
tetramer (Chen et al., 2015). Moreover, the C-terminal tail of H4
adopts a helical conformation following recognition by DNAJC9
HBD, distinct from the conformations observed in other chap-
erone-histone complexes (Elsasser et al., 2012; English et al.,
2006) and at the nucleosome level (Luger et al., 1997) (Figure 2E;
Figures S1D and S1E). This is consistent with the observations
that the C-terminal tail of H4 can serve as a “handle” for recog-
nition by histone chaperones (Elsasser et al., 2012; English
et al., 2006).

DNAJC9 HBD has a few contacts with MCM2 HBD (Fig-
ure S1G) while having extensive interactions with H3.3 and H4.
The residues Glu195 and Glu199 of the A helix of DNAJC9
establish salt bridges with Arg45 and Lys44 in H4 L1 loop,
respectively; Glu196 of oA forms hydrogen bonds to Val117
and Thr118 in H3.3 L2 loop; and Ala200 of «A situates in a
shallow hydrophobic pocket lined by Lys115 and Val117 in
H3.3 L2 loop and lle112 in H3.3 a2 helix (Figures 3A and 3B).
The residues Ala197 and Ser203 of oA, as well as Leu207 and
Leu209 of the Lb loop of DNAJC9 further contribute hydrophobic
interactions with H3.3 (Figure 3B). Moreover, the residues
Gly212, Val213, Leu216, 11e220, and GIn224 of oB are bound in
a consecutive channel constituted of Asp106, Leu109, Cys110,
and His113 in H3.3 a2 helix; Ala127, 1le130, and Arg131 in
H3.3 a3 helix; as well as Tyr98 in the H4 C terminus (Figure 3C).
Notably, Arg223 and Arg227 of aB establish prominent polar in-
teractions with Glu105 and Asp106 in H3.3 a2 helix (Figure 3C).
Furthermore, the residues Met231, Phe234, Leu235, Met238,
and Tyr242 of «B are bound into another consecutive channel
constituted of Ala87, Ala91, Glu94, and Ala95 of H3.3 a2 helix,
as well as Ala83, Met84, Val87, Leu90, and Lys91 of H4 a3 helix
(Figure 3D). The residues Glu239 and Ser243 of oB also
contribute some interactions with H4 a3 helix (Figure 3D).
Notably, most of the interacting residues on DNAJC9 HBD are
highly similar across eukaryotes (Figure 3A), implying conserva-
tion of DNAJC9 function as a histone chaperone.

Consistent with our structural observations, pull-down assays
showed that a multiple mutant of oA (4A1: E195A E196A E199A

Figure 1. Identification of DNAJC9 as a dual histone chaperone and heat shock co-chaperone

(A) Schematic representations of the histone H3-H4 (red and cyan, respectively) binding mode of MCM2 (dark green) and TONSL (yellow) highlighting histone
binding mutants (Huang et al., 2015; Saredi et al., 2016) and the experimental strategy for the identification of histone-dependent interactors. Hypothetical
histone-dependent interactors (colored light green and orange for MCM2 and TONSL, respectively) and histone-independent interactors (gray) are depicted.
(B and C) Mass spectrometry analysis of SILAC labeled pull-downs of wild-type (WT) and histone binding mutant (HBM) forms of MCM2 (B) and TONSL (C) from
soluble cell extracts; n = 2 biological replicates. Proteins referred to by human UniProt protein identification code. See also Table S1.

(D) Pull-downs of full-length GST-DNAJC9 mixed with pre-assembled H3.3-H4 (top) and MCM2 HBD-H3.3-H4 complexes (bottom).

(E) Pull-downs of FLAGHA-tagged histone H3 variants induced by doxycycline (Dox+) compared with control purifications (Dox—) from soluble cell extracts.
Western blots representative of n = 2 biological replicates.

(F) Plasmid supercoiling assay showing histone chaperone activity of DNAJC9 compared with ASF1A and NASP HBD as positive controls. R, relaxed DNA; S,
supercoiled DNA.

(G) Schematics depicting the ability of the DNAJC9 N-terminal J domain to stimulate HSP70 catalysis (Han et al., 2007) and the histone-dependent interactions
formed between DNAJC9, MCM2, and TONSL.

2536 Molecular Cell 87, 2533-2548, June 17, 2021
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Figure 2. Structure of DNAJC9 and MCM2 bound simultaneously to an H3.3-H4 dimer

(A) Schematic domain architectures of DNAJC9, H3, H4, and MCM2.

(B) Pull-downs of GST-DNAJCS constructs truncated to map the domain of interaction with pre-assembled MCM2 HBD-H3.3-H4 complexes. See Figure S1A for

analogous GST-DNAJC9 pull-downs of H3.3-H4 complexes.

(C) Structure of the DNAJC9 HBD-H3.3-H4-MCM2 HBD quaternary complex, with DNAJC9 HBD colored in magenta, H3.3 in blue, H4 in green, and MCM2 HBD

in pink. See also Table 1 and Figure S1.

(D) DNAJC9 HBD (magenta) and MCM2 HBD (pink) wrapping around the H3.3-H4 dimer in surface view colored according to electrostatic potential (red,

negatively charged; blue, positively charged).

(E) Structural comparison between DNAJC9 HBD-H3.3-H4-MCM2 HBD (colored as in C) and MCM2 HBD-H3.3-H4-ASF1B (silver; PDB: 5BNX). The oB helix of
DNAJC9 HBD forms a steric clash with ASF1B. The H4 C terminus (“C-ter”; orange) adopts a helical conformation upon DNAJC9 HBD binding, while it forms a 8

strand with ASF1B.
See also Figure S1.

A200E) and three separate double mutants of aB (Q224A R227A;
F234A L235A; M238A Y242A) reduced the binding of DNAJC9
HBD to the MCM2 HBD-H3.3-H4 complex, while the aB double
mutant L216A [1220A and the multiple “4A” mutant (Q224A
R227A M238A Y242A) almost totally disrupted the interactions
(Figure 3E). Our isothermal titration calorimetry (ITC) results
confirmed that the 4A mutant of DNAJC9 HBD disrupted binding
to H3.3-H4 and further showed that DNAJC9 HBD had similar
binding affinities for variant H3.3-H4 and canonical H3.1-H4 di-
mers (Kg=55.0 + 19.7 and 39.5 + 4.9 nM, respectively; Figure 3F).
Thus, the contact of DNAJC9 HBD with H3.3 Ala87 (Ser87 in H3.1
and H3.2) does not distinguish these H3 variants (Figure 3D).
Both the structural and biochemical results support the concept
that the B helix of DNAJC9 HBD is the main determinant of H3.3-
H4 recognition (Figure 3). Indeed, the isolated DNAJC9 oB helix

(C243S), observed in a separate 1.80 Aresolution crystal structure
(Figure S1H; X-ray statistics in Table 1), occupied the same bind-
ing site as in the DNAJC9 HBD-H3.3-H4-MCM2 HBD structure
(Figure 2C). Interestingly, DNAJC9 HBD oB has a similar structural
configuration to the oA helix of CENPA-specific chaperone
HJURP (Hu et al., 2011) (Figure S1l), though they share no signif-
icant sequence similarity. Taken together, we have unraveled the
molecular basis for recognition of a histone H3-H4 dimer by the
novel histone chaperone DNAJC9.

DNAJC9 recruits HSP70 catalysis to fold H3-H4
substrates

To place DNAJC9 in the histone supply pathway, we determined
the histone-dependence of DNAJC9’s interactome using our SI-
LAC label swap co-immunoprecipitation strategy. Consistent
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Table 1. Data collection and refinement statistics

DNAJC9 HBD-H3.3-H4-MCM2 HBD (7CJ0)

DNAJC9 0B-H3.3-H4-MCM2 HBD (7Cl2)

Data collection

Space group

P3421

C222,

Cell dimensions

o

a, b, c (A
o, B, 7 ()
Resolution (,5\)

No. reflections (total/unique)

47.5,47.5, 616.3
90, 90, 120

41.08-2.24 (2.30-2.24)°
716,208/41,413

47.6, 176.8, 202.9
90, 90, 90

40-1.80 (1.83-1.80)°
781,980/78,310

Rpim (%) 2.2 (51.9) 2.4 (40.0)
I/sl 17.7(1.9) 31.3(2.2)
Completeness (%) 99.9 (99.1) 97.7 (91.2)
Redundancy 17.3 (16.8) 10.0 (9.5)
Refinement

Resolution (A) 41.08-2.50 36.88-1.80
No. reflections (unique) 29,934 77,571
Ruwork/Riree (%) 25.8/29.5" 17.1/21.4
No. atoms

Protein 4,621 5,956
GOL 6

SO, 10

Water 69 741
B-factors

Protein 79.4 24.0
GOL 82.1

SO, 62.7
Water 69.0 38.9
RMSDs

Bond lengths (A) 0.002 0.006
Bond angles (°) 0.45 0.79

Related to Figures 2 and S1.

2Values in parentheses are for highest resolution shell. One crystal was used for each dataset.
The dataset of 7CJ0 was twined, and a merohedral twin law (-h, -k, I) was applied only for the final round of refinement in PHENIX.

with our in vitro analysis (Figure 3E), the DNAJC9 mutants (Q224A
R227A and M238A Y242A) showed partial loss of histone binding
and, as a consequence, reduced MCM2 binding in cell extracts
(Figure S2A). We thus used the stronger combined mutant
DNAJC9 4A (Q224A R227A M238A Y242A) for further analysis (Fig-
ure 3E). Comparison of DNAJC9 WT and 4A mutant interactomes
confirmed the loss of histones, MCM2 and TONSL in the 4A mutant
(Figure 4A; Figure S2B). In addition, we identified specific interac-
tions with proteins of the heat shock molecular chaperone machin-
ery (HSP7C, HS71B, and BAG2), and intriguingly, part of these
were histone dependent (HSP7C, BAG2) (Figure 4A). To under-
stand the role of DNAJC9 in heat shock factor recruitment to his-
tone substrates, we determined the effect of DNAJC9, HSP7C
and BAG2 depletion on the interactomes of soluble H3.1 and H4
(Figure 4B; Figure S3). Strikingly, multiple HSP70 enzymes
(HSP7C, HS71B, HSP72, and HSP74) and nucleotide exchange
factors (BAG2 and HS105) were dependent on DNAJC9 for H3.1
and H4 binding (Figure 4B; Figures S3A-S3C, S3H, and S3l).

2538 Molecular Cell 81, 2533-2548, June 17, 2021

Loss of HSP7C was accompanied by a gain of histone binding to
other HSP70-type enzymes, HS71B and HSP72 (Figure 4B; Fig-
ures S3D, S3E, S3H, and S3I), probably reflecting compensation
for HSP7C loss, in line with previous studies (Powers et al.,
2008). Meanwhile, DNAJC9 showed no dependency on HSP7C
or BAG2 for histone binding (Figure 4B; Figures S3D-S3I). Collec-
tively, this supports a role of DNAJC9 in the recruitment of HSP70-
type molecular chaperone machinery to histone H3-H4 substrates.

Depletion of DNAJC9 also significantly reduced the histone load
of histone chaperones SPT2, TONSL, and MCM2 (Figure 4B).
Meanwhile, histones H3.1-H4 accumulated with the FACT com-
plex (SPT16 and SSRP1) and, surprisingly, the histone H3.3-spe-
cific chaperone DAXX (Elsasseretal., 2012; Lewis etal., 2010) (Fig-
ure 4B; Figure S3B). The latter was not accompanied by a gain of
H3.3-specific peptides (Figure S3J). This suggests that failure to
recruit the heat shock molecular chaperone machinery to H3.1-
H4 perturbs the histone supply chain and leads to aberrant accu-
mulation of H3.1-H4 with DAXX, likely in a misfolded state, thus
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Figure 3. Molecular basis for recognition of H3.3-H4 by DNAJC9

(A) Multiple sequence alignment of DNAJC9 HBD: H. sapiens (NP_056005), M. musculus (NP_598842), G. gallus (NP_001186454), X. laevis (NP_001089275),
D. rerio (NP_001002433), D. melanogaster (NP_001262473), and S. pombe (NP_594359). Under the alignment, red squares indicate residues of DNAJC9 in-
teracting with H3.3-H4; “4A” highlights the multiple mutant disrupting interaction with H3.3-H4; black squares indicate residues of DNAJC9 HBD interacting with

MCM2 HBD.

(B-D) Enlarged views showing the interaction details between DNAJC9 HBD (magenta) and H3.3-H4 (blue and green, respectively).
(E) Effects of DNAJC9 HBD mutants on histone binding using GST pull-downs. 4A1 and 4A corresponding to mutants “E195A E196A E199A A200E” and “Q224A
R227A M238A Y242A,” respectively. Quantifications on H3.3 based on replicate experiments (n = 3), expressed as mean + SEM percentage. The signal of H3.3 in

WT lane from the same gel was set to 100%.

(F) ITC results of DNAJC9 HBD WT and 4A mutant with histones (n = 3 independent experiments, error bars represent mean + SD). DNAJC9 HBD WT binds H3.3-
H4 with a K4 of 55.0 + 19.7 nM and H3.1-H4 with a K4 of 39.5 + 4.9 nM. K4 values represent the mean + SD of independent measurements (n = 3). No binding was
observed between DNAJC9 HBD 4A mutant and H3.3-H4 (n = 3).

accounting for the loss of histone variant specificity (DeNizio etal.,  ure 3C). Proteomic comparison of soluble histone H3.1 interac-
2014). To test whether DNAJC9 function is required for histoneen-  tomes showed a loss of DNAJC9 in H3.1 ED105AA along with
try into the supply chain, we introduced two mutations in H3.1,  several histone chaperones key to H3.1-H4 provision, including
E105A D106A (ED105AA), at sites conserved in H3.2 and H3.3 NASP, ASF1A/B, MCM2, and CAF-1 (Figure 4C), consistent with
and structurally predicted to disrupt binding to DNAJC9 (Fig- a defect upstream in the H3.1 supply pathway. Surprisingly, the

Molecular Cell 81, 2533-2548, June 17, 2021 2539




¢ CellPress Molecular Cell

OPEN ACCESS

A DNAJCO WT DNAJC9 4A B Hela S3
S N Histone-FlagHA +siRNA or siCTRL
Label Free (HA)-IP/MS
(Soluble, H4 n =4, H3.1 n = 5)

s Q224A R227A H4 H3.1
M238A Y242A T o o <
H4 CRNA Lo &P
U-2-08 RNA: 7eF & S oF F
DNAJC9-MYC-Flag WT vs 4A vs CTRL DNJCO- @ Y Log, (LFQ
SILAC (Flag)-IP/MS (Soluble, n = 2) BAG2.- ° 0o SIRNA/SICTRL),,
o HSP7C- () o 6
g HS71B- || .
Q 4 : MCM2 HSP72-
S TONSL S HSPTC HSP74- 0
° IPO4 {DNJCY SBAGSS.
= “HS71B H4 Back ; HS105- I -3
2 - ackgroun:
2:) cut-off SPT2- . o -6
b4 + SPT2 | MCM2 -
5‘) 0 Do MCM4 -
o MCM®6 - -Log,, (p-value)
S MCM7 -
a2
o TONSL- 0
< i
3 . H31 e o P
g 4 H32- )
2 H33- o:
H4-
6 T T T T [ X
6 -4 2 0 2 4 6 DAXX- [ ] ®:
DNAJC9 Avg Log, SILAC Ratio WT/4A SP16H-
SSRP1- @
(o Hela S3 H3.1 ED105AA
H3.1-FlagHA WT vs ED105AA D
Label Free (HA)-IP/MS (Soluble, n = 3) 105A D106A
5 Inouts GsT DNAJCO ASFIA
Ha Mw  PU's HBD _ FL
« MCM2 /kDa T T T 3 - & T 1 (OH33-H4WT
75— (+) H3.3 ED105AA-H4
- HAT1 45— - -ASF1
4 MCOMAAS ww e " IDNAJCO
— . ASF1A = - i
) Ha 7~ 70 YASF1B 2 s | ]
, MCM7 —_— H3.3
=} 15—
© 3 + MCM6 —— — —— H4
T N + CAF1A T r—
i
=3 + NASP Pulldowns
o .+ |PO4
2 . CEFNfBCd inouts MCM2 NASP SPT2
S L Mw puts | \en HBD HBD () H3.3-H4WT
T BX3 /kDa 5 4+ . + . + (+)H3.3ED105AA-H4
« IMY 75— e _NASP
S0=05 45- - —— 4'\3/',?%2
1_ - ——
FDR =0.05 25
bt Ml s i s b e | H3.3
15— [ S i o b b |+
0 T ¥ T T T ] Pulldowns

4 2 0 2 4 6 8
Log, (LFQ H3.1 WT / ED105AA),,

Figure 4. DNAJC9 recruits the heat shock molecular chaperone machinery to fold histone H3-H4 substrates

(A) DNAJC9 WT, 4A mutant, and control purifications subjected to triple SILAC-based mass spectrometry analysis. Ratios averaged from n = 2 biological
replicates.

(B) Histone purifications from soluble extracts of cells small interfering RNA (siRNA) depleted for DNAJC9, BAG2, or HSC7C compared with control (CTRL) siRNA
and analyzed using label-free mass spectrometry (sO = 0.5, false discovery rate [FDR] = 0.05, H3.1 n = 5 and H4 n = 4 biological replicates). Bubble plots colors
represent Log, ratios of median-normalized LFQ intensities (siRNA/siCTRL)u ., and radii represent significance of changes (s0 = 0.5, FDR = 0.05); no imputed
values shown.

(C) Histone purifications from soluble extracts subjected to label-free mass spectrometry analysis (n = 3 biological replicates, s0 = 0.5, FDR = 0.05). Volcano plots
represent differences in median-normalized LFQ intensities (LFQu.n.) with missing values imputed for factors observed three times in either replicate.

(D) GST pull-down assays showing H3.3 WT- or H3.3 ED105AA-H4 binding to selected histone chaperones.

In (A)-(C), proteins are referred to by human UniProt protein identification code.

See also Figures S2 and S3 and Table S1.
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(C) Visualization of spike-in normalized ChlP-seq
signal in DNAJC9 WT, J, 4AJ, and control samples,
quantitated with reference-adjusted reads per
million (RRPM), and raw input reads over the re-
gion depicted.

(D) Boxplots of spike-in normalized DNAJC9 ChiP-
seq signal across the genome quantitated with
reference-adjusted reads per milion (RRPM),
Log,(n + 1). Black line, median; whiskers, 1.5 x
interquartile range.

(E) Boxplots of input corrected signal for
DNAJC9 J mutant over gene bodies and intergenic
regions (left) or gene bodies parsed to active and
inactive genes (right). Black line, median; whis-
kers, 1.5 X interquartile range.

uted to the loss of DNAJC9 binding, which
prevents histones from entering the his-
tone chaperone supply pathway. Accord-
ingly, failure of the H3.1T variant to bind
DNAJC9 (Figure 1E) was also accompa-
nied by a loss of histone H4, ASF1A/B,
and CAF-1 as well as heat shock factors
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(Figure S2C). Together, this argues that
DNAJC9-dependent recruitment of the
heat shock molecular chaperone machin-
ery is arequirement for H3-H4 heterodimer
E formation in vivo.

Loss of J domain function traps
histone-bound DNAJC9 on
chromatin genome-wide

distal  gene
intergenic bodies

H3.1 ED105AA mutant also showed impaired association with his-
tone H4 (Figure 4C). The histone heterodimerization defect of the
mutant was not intrinsic, as we were able to reconstitute the
H3.3 ED105AA-H4 complex in vitro (Figure 4D). Consistent with
our structural data, the H3.3 ED105AA mutation abrogated binding
to DNAJC9 in vitro, but this mutation did not compromise interac-
tions with the other histone chaperones ASF1A, MCM2, NASP,
and SPT2 in direct binding assays (Figure 4D). Therefore, the
cellular defect in H3.1 ED105AA-H4 heterodimerization is attrib-

To further dissect the requirement for
DNAJC9-directed HSP70 catalysis (Han
et al., 2007), we targeted the HPD motif
of DNAJC9, a conserved motif in J domain
proteins known to bind and stimulate ATP
hydrolysis of HSP70s (Mayer and Gierasch, 2019). We introduced
mutations that abolish these activities (H43Q and D45N) (Suh et al.,
1998; Wall et al., 1994) in an otherwise WT or HBM (4A) back-
ground, forming mutants J and 4AdJ, respectively (Figure 5A).
Because of the catalytic dead nature of the DNAJC9 J mutant,
we predicted that DNAJC9 would accumulate potentially mis-
folded histones if HSP70 activity is required for their re-folding
and handover to other histone chaperones. Through cellular frac-
tionation experiments, we found that a proportion of the DNAJC9 J

silent
genes

active
genes
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mutant becomes trapped on chromatin in a manner dependent on
histone binding (Figure 5B). This was confirmed by immunofluo-
rescence analysis in cells pre-extracted to remove soluble non-
chromatin-bound proteins (Figures S4A-S4C). The J mutant was
bound to chromatin throughout the cell cycle (Figure S4D), moder-
ately increasing as cells progress from G1 to G2/M phase (Fig-
ure S4E). However, none of the DNAJC9 mutants showed domi-
nant effects on DNA replication or cell cycle progression (Figures
S4F and S4G). To identify potential hotspots for DNAJC9 function,
we performed quantitative chromatin immunoprecipitation
sequencing (ChlIP-seq) to localize the genomic occupancy of the
DNAJC9 WT, J, and 4AJ mutants (Figures 5C-5E). Spike-in
normalized read counts confirmed histone-dependent trapping
of the DNAJC9 J mutant (Figures 5C and 5D). However, the J
mutant showed a genome-wide occupancy pattern with similarity
to pan histone H3 (Reveron-Gomez et al., 2018), lacking enrich-
ment of specific genomic features (Figures 5C and 5E). This argues
that when DNAJC9 cannot direct HSP70 molecular chaperone ac-
tivity toward its histone H3-H4 cargo, it becomes trapped on chro-
matin through widespread spurious interactions of misfolded his-
tones with DNA.

DNAJC9 safeguards histones during supply to and
transactions within chromatin

To address the contexts in which histone substrates require
DNAJC9-mediated HSP70 folding activities, we compared
DNAJC9 WT, J, and 4A interactomes in both soluble and chro-
matin fractions (Figure 6A; Figures S5 and S6). The J mutant
lost interaction with the heat shock molecular chaperone
machinery as expected, and concomitantly histone H3-H4 accu-
mulated with the mutant in both fractions (Figure 6A). This dem-
onstrates that HSP70 catalysis is required for the release of his-
tones from DNAJCS9. In the soluble fraction, the J mutant trapped
a subset of histone-dependent interactors, including the HAT1
complex (HAT1-RbAp46/RBBP7) and an abundance of ribo-
somal and RNA binding proteins (Figures 6A and 6B). Similarly,
HAT1 accumulated with the histone H3.1 ED105AA mutant
defective in DNAJC9 binding and H3-H4 heterodimerization
(Figure 4C). However, we did not detect trapping of other down-
stream histone chaperones with the J mutant in the soluble frac-
tion (e.g., MCM2, ASF1A/B, NASP, and FACT). This is consistent
with misfolded histones failing to enter the assembly line in the
absence of proper DNAJC9 function; instead, they become
stalled in complex with HAT1 and interact with soluble RNAs
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non-specifically. In accordance with this conclusion, expression
of the J mutant triggered accumulation of histones H3 and H4 in
the soluble fraction (Figure 6C).

In the chromatin fraction, abrogation of HSP70 catalysis
caused adramatic increase in DNAJC9 interactors (34 WT versus
404 J mutant), consistent with widespread spurious interactions
with chromatin (Figure S6B; Table S1). Histone deposition factors
linked to DNA replication (including MCM2, TONSL, and the CAF-
1 complex) and transcription (including SPT2 and SPT6) were
among the most significantly trapped factors by the J mutant
(Figure 6A; Figures S6E and S6G). Moreover, the active CMG heli-
case and RNA polymerase components also co-purified with the
J mutant (Figure 6A), arguing that DNAJC9 directs HSP70 catal-
ysis to aid folding/release of histones from chaperones engaged
in active replication and transcription. Importantly, the same his-
tone chaperones (MCM2, TONSL, CAF-1, SPT2, and SPT6) in
addition to heat shock factors (HSP7C and HS71B) were among
the most highly enriched factors in DNAJC9 WT chromatin purifi-
cations (Figure 6D). Collectively, this argues that DNAJC9 facili-
tates histone H3-H4 deposition through the recruitment of
HSP70s to release histones trapped in aberrant intermediates
with histone deposition factors on chromatin (CAF-1,
MCM2, SPT2, and SPT6). This would allow misfolded histones
to be scavenged and recycled into the deposition pathways
(Figure 7).

DISCUSSION

We show that DNAJCS9 integrates heat shock molecular chap-
erone activity into the network of histone chaperones, promoting
the entry/re-entry of misfolded and trapped histones into pro-
ductive histone supply chains and deposition intermediates.
Our data support the notion that DNAJC9 acts in parallel to clas-
sical histone chaperones, recruiting heat shock factors to pro-
tect the structural integrity of histone H3-H4 dimers during the
most challenging stages of their supply and deposition. This ap-
pears to be particularly important shortly after histone synthesis
and also later at sites of deposition in chromatin, presumably to
release histones from non-specific interactions with ribosomal
RNA and DNA, respectively (Figure 7). Histones folded/re-folded
through DNAJC9 re-enter the histone supply chain upstream of
HAT1 or at sites of active histone deposition linked to replication
(CAF-1, MCM2, and TONSL) and transcription (SPT2 and SPT6)
(Figure 7).

Figure 6. DNAJC9-directed HSP70 activity facilitates histone supply to and transactions within chromatin

(A-D) DNAJC9 WT, mutant, and control purifications from soluble and chromatin extracts subjected to label-free mass spectrometry analysis (n = 6 biological
replicates). Proteins are referred to by human UniProt protein identification code. See also Figures S5 and S6 and Table S1.

(A) Bubble plots from (left) soluble and (right) chromatin fraction purifications showing enrichment (red) and depletion (blue) in J domain and histone binding
mutants (J and 4A, respectively) compared with WT. Ratios calculated from bait-normalized LFQ intensities (LFQg v ). Data analysis steps are detailed in Figures
S5 and S6.

(B) Left: Euclidean clustering analysis of soluble fraction LFQg . intensities for factors identified in at least six of six experiments for WT, J, or 4A mutants and
additionally significantly enriched in at least one set over the control purifications (SO = 2, FDR = 0.01). Region of interest highlighted (black box) and magnified
(right) to show trends of enrichment and depletion of histones, ribosomal proteins, HSP70s and other factors.

(C) Western blots of soluble extracts from cells expressing DNAJC9 WT, J, or 4A mutants and control cells showing the accumulation of soluble histones in cells
expressing the DNAJC9 J mutant.

(D) STRING-db network of factors most significantly enriched in DNAJC9 WT purifications and overlaid ratios of enrichment/depletion in J and 4A mutants.
Sixteen of 22 nodes with Log, (LFQ WT/C)g . > 1.8 were connected to each other at a STRING confidence level of 0.6; red edges represent nodes connected with
experimental evidence.
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Figure 7. DNAJCO9 links heat shock biology
to the histone chaperone network
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Our structure demonstrates DNAJC9 bound to a fully folded
H3-H4 dimer, which is likely a snapshot of the catalytic reaction
and foreseeably the endpoint of the HSP70 catalytic cycle
captured with pre-folded histones. In this conformation, histones
would be able to re-engage other histone chaperones, as also
demonstrated by the co-crystallization of DNAJC9 bound his-
tones with MCM2. We show through structural analysis that
DNAJC9 has a competitive binding mode with ASF1 and
SPT2, yet we see an intriguing interplay with both histone chap-
erones. DNAJC9 supplies histones to SPT2, and it forms a his-
tone-independent interaction with SPT2 that can be trapped
on chromatin by the J domain mutant. These observations point
toward a histone handover event between DNAJC9 and SPT2
that requires HSP70 catalysis. In contrast, our functional prote-
omics data support a mutually exclusive relationship between
DNAJC9 with ASF1, which is intriguing given the overlap of their
histone co-chaperone partners, including MCM2, TONSL, and
CAF-1. This suggests that DNAJC9 provides cells with a route
to bypass ASF1 centered histone H3-H4 supply pathways to ul-
timately engage with same deposition machinery. This may be
particularly useful for retaining histones that would otherwise
drop out of the supply chain because of misfolding or non-spe-
cific associations with RNA/DNA.
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the heterodimerization of H3-H4 prior to
engaging NASP and other histone chap-
erones. Consistent with this, DNAJC9
forms histone-dependent and histone-in-
dependent interactions with HSC70 and
HSP70 (HSP7C, HS71B), which have
been observed in separate complexes
with monomeric histones H3.1 and H4,
respectively (Alvarez et al., 2011; Campos et al., 2010). Thus,
DNAJC9 has the combined attributes required to catalyze de
novo H3-H4 heterodimerization.

Perhaps our most surprising observation is that the histone
folding functionality of DNAJC9 is used not only at the beginning
of their soluble life but also at the end, when histones are depos-
ited on chromatin. This demonstrates that a histone chaperone’s
function is not necessarily staged in the backdrop of a linear as-
sembly pathway. Rather, histone chaperones opportunistically
bind histones based on compatibilities with histone conforma-
tions and histone co-chaperone partners that can occur
throughout supply if the cargo and subcellular localization are
right. Indeed, DNAJC9 probably facilitates many histone trans-
actions that place a particular strain on the stability of the H3-
H4 fold. This would include during the release of histones from
non-productive high-affinity intermediates with histone chaper-
ones and nucleic acids (Figure 7). In this capacity, DNAJC9 pro-
vides a safeguard mechanism ensuring the structural integrity of
histone H3-H4 dimers. The fact that the histone heterodimer is
somewhat malleable in certain cellular contexts provides inter-
esting possibilities to mediate histone handover events on the
basis of histone conformational dynamics, as alluded to previ-
ously (Zhang et al., 2013). Thus, chaperone availability and
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histone conformation have great potential to affect chromatin
states through the selective channeling of histones into
competing deposition pathways, as demonstrated by the re-wir-
ing of DAXX to bind H3.1 in the absence of DNAJC9.

Together, our work identifies a continuous requirement for heat
shock molecular chaperoning of histones, including during
biosynthesis, replication, and transcription, met by the dual
functionality of DNAJC9. This adds another layer to the multifac-
eted controls ensuring efficient histone supply, which also include
elaborate transcriptional and translational regulation (Marzluff and
Koreski, 2017; Mendiratta et al., 2019). Although histone co-chap-
erone complexes provide the means to shield multiple histone
functional surfaces (Hammond et al., 2017), it appears that pas-
sive shielding capacity alone is insufficient to fully protect histones
H3-H4. Rather, cells direct ATP-derived energy and HSP70 en-
zymes to refold histones to facilitate their supply to and transac-
tions within chromatin (Figure 7). The term “molecular chaperone”
was first used to describe a protein with the ability to prevent the
precipitation of histones when mixed with DNA under physiolog-
ical salt conditions (Laskey et al., 1978). Since this initial discovery,
“molecular chaperone” terminology has been extended to heat
shock protein functionality (Ellis, 1987), and the original definition
is now used to define a “histone chaperone.” DNAJC9 integrates
both histone chaperone and molecular chaperone functionalities
in the modern sense of these terms.

Limitations of study

Our structural analysis reports on the conformation by which
DNAJC9 binds a folded histone H3-H4 dimer. We believe this
to be a snapshot of a catalytic folding mechanism yet to be fully
elucidated. Time-resolved biochemical and structural analysis of
the DNAJC9-stimulated HSP70 catalytic folding mechanism of
histones H3-H4 in a reconstituted system would provide excep-
tional mechanistic insights to DNAJC9’s mode of action. Howev-
er, whether DNAJC9 acts to fold or re-fold histones will depend
largely on the biological context of the substrate and the molec-
ular chaperones engaged. In a cellular context, if a histone
substrate engages DNAJC9 but cannot complete the HSP70
catalysis cycle of choice, this might trigger a response to route
histones toward degradation. We show that DNAJC9 engages
histones at multiple stages of histone supply, including shortly
after histone biosynthesis and during transactions with histone
deposition chaperones. DNAJC9 can hereby support the H3-
H4 supply chain allowing histones to enter and re-enter this
pathway at multiple points, supporting the ASF1 centered H3-
H4 supply chain. DNAJC9 has been identified by CRISPR
screens as an essential gene across a large number of cancer
cell lines as reported in the DepMap portal (https://depmap.
org/portal) and elsewhere (Behan et al., 2019; Dwane et al.,
2021; Hart et al., 2015; Zhang et al., 2020). In light of the multiple
ways in which DNAJC9 links to histone metabolism, it will be
important to resolve which aspects of DNAJC9 function are crit-
ically important for cell survival.
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Antibodies

TONSL Sigma Cat no. HPA046494; RRID: AB_2679673
CAF1A/p150 Quivy et al., 2004 N/A

MCM2 Bethyl Laboratories Cat no. A300-122A; RRID: AB_155897
CAF1B/p60 Quivy et al., 2004 N/A

DNAJC9 AbCam Cat no. ab150394; RRID: AB_2890229
HA Cell Signaling Technology Cat no. C29F4 #3724; RRID: AB_1549585
DAXX Sigma Cat no. HPA008736; RRID: AB_1078625
HJURP Sigma Cat no. HPA008436; RRID: AB_1850757
Flag Sigma Cat no. F7425; RRID: AB_439687

H3 Abcam Cat no. ab1791; RRID: AB_302613

H4 Millipore Cat no. 05-858; RRID: AB_390138
Tubulin Abcam Cat no. ab6160; RRID: AB_305328
BAG2 Abcam Cat no. ab79406; RRID: AB_1603761
HSC/HSP70 Santa Cruz Biotechnology Cat no. sc-24; RRID: AB_627760
HSC70 Santa Cruz Biotechnology Cat no. sc-7298; RRID: AB_627761
Flag Sigma Cat no. F3165; RRID: AB_259529
Goat Anti-Mouse-Alexa488 Thermo Scientific Cat no. A-11029; RRID: AB_138404
Bacterial and virus strains

E.coli: BL21 (DE3)-RIL Stratagene Cat no. 230245

Chemicals, peptides, and recombinant proteins

Doxycycline Clontech Cat no. 631311

ULP1 protease Homemade N/A

TEV protease Homemade N/A

3C protease Homemade N/A

Drosophila topoisomerase | (dTopo |) Homemade N/A

Micrococcal Nuclease Solution Thermo Scientific Cat no. 88216

Benzonase Nuclease Millipore Cat no. 70746

RNase A Sigma Cat no. R4875

Sequencing Grade Modified Trypsin Promega Cat no. V5113

Trypsin, Proteomics Grade Sigma Cat no. T6567

Critical commercial assays

MinElute PCR Purification Kit QIAGEN Cat no. 28004

MinElute Reaction Cleanup Kit QIAGEN Cat no. 28204

truChIP Chromatin Shearing Kit Covaris Cat no. 520127

KAPA Hyperprep Kit Kappa Biosystems, Roche Cat no. KK8504

Deposited data

Structure of the DNAJC9 aB-H3.3-H4- This study PDB: 7CIZ

MCM2 HBD quaternary complex

Structure of the DNAJC9 HBA-H3.3-H4- This study PDB: 7CJO

MCM2 HBD quaternary complex

ChlP-seq Data This study GEO: GSE154445

Raw Mass Spectrometry Data Sets This study PRIDE: PXD020268
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Raw Data for Western Blots, Gel-based This study Mendeley Data: https://doi.org/

Assays and ITC

10.17632/y9mgyw9r59.1

Experimental models: Cell lines

U-2-0S FRT/TO Flp-In T-REX

U-2-0OS FRT/TO Flp-In T-REX FlagHA-
MCM2-WT

U-2-0S FRT/TO Flp-In T-REX FlagHA-
MCM2-Y81A-Y90A

U-2-0S FRT/TO Flp-In T-REX U-2-0S
eGFP-TONSL-WT

U-2-0OS FRT/TO Flp-In T-REX U-2-0S
eGFP-TONSL-N571A

Hela S3

Hela S3 pTetOne Puro H3.1-FlagHA
Hela S3 pTetOne Puro H3.2-FlagHA
Hela S3 pTetOne Puro H3.3-FlagHA
Hela S3 pTetOne Puro H4-FlagHA
Hela S3 pTetOne Puro CENPA-FlagHA
HelLa S3 pTetOne Puro H3.1T-FlagHA

Hela S3 pTetOne Puro H3.1-E105A-
D106A-FlagHA

U-2-08S FRT/TO Flp-In T-REX DNAJC9-
MYC-Flag (WT)

U-2-0OS FRT/TO Flp-In T-REX DNAJC9-
H43Q-D45N-MYC-Flag (J)

U-2-0S FRT/TO Flp-In T-REX DNAJC9-
Q224A-R227A-M238A-Y242A-MYC-
Flag (4A)

U-2-0S FRT/TO Flp-In T-REX DNAJC9-
H43Q-D45N-Q224A-R227A-M238A-
Y242A-MYC-Flag (4AJ)

293FT

Drosophila S2-DRSC cells

Malecki et al., 2006
Huang et al., 2015

Huang et al., 2015

Saredi et al., 2016

Saredi et al., 2016

ATCC

This study
This study
This study
This study
This study
This study
This study

This study

This study

This study

This study

Thermo Scientific

Drosophila Genomics Resource Center;
Stock No. 181

N/A
N/A

N/A

N/A

N/A

Cat no. CCL-2.2; RRID: CVCL_0058

N/A
N/A
N/A
N/A
N/A
N/A
N/A

N/A

N/A

N/A

N/A

Cat no. R70007; RRID: CVCL_6911

RRID: CVCL_Z992

Oligonucleotides

NGS indexed PentAdapters

Silencer® Select siDNAJC9

Silencer® Select siBAG2

Silencer® Select siHSPA8 (siHSP7C)
Silencer® Select Negative Control No. 1

PentaBase

Thermo Scientific
Thermo Scientific
Thermo Scientific
Thermo Scientific

Cat no. SKU 310
Cat no. s23354
Cat no. s18295
Cat no. s6987
Cat no. 4390843

Recombinant DNA

®X174 RF | DNA

pTetOne Puro H3.1-FlagHA
pTetOne Puro H3.2-FlagHA
pTetOne Puro H3.3-FlagHA
pTetOne Puro H4-FlagHA
pTetOne Puro CENPA-FlagHA
pTetOne Puro H3.1T-FlagHA

pTetOne Puro H3.1-E105A-D106A-FlagHA

NEB

This study
This study
This study
This study
This study
This study
This study
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Cat no. N3021S
N/A
N/A
N/A
N/A
N/A
N/A
N/A
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pPCMV6-DNAJC9-siRNA-resistent-Myc- This study N/A
Flag (WT)

pCMV6-DNAJC9-siRNA-resistent-L216A- This study N/A
1220A-Myc-Flag

pCMV6-DNAJCI-siRNA-resistent-Q224A- This study N/A
R227A-Myc-Flag

pCMV6B-DNAJCY-siRNA-resistent-M238A- This study N/A
Y242A-MycFlag

pCMV6-DNAJCI-siRNA-resistent-E195A- This study N/A
E199A- MycFlag

pcDNA5-DNAJC9-siRNA-resistent-Myc- This study N/A
Flag (WT)

pPcDNA5-DNAJC9-siRNA-resistent- This study N/A
Q224A-R227A-M238A-Y242A-Myc-

Flag (4A)

pcDNA5-DNAJC9-siRNA-resistent-H43Q- This study N/A
D45N-Myc-Flag (J)

pcDNAS5-DNAJC9-siRNA-resistent-H43Q- This study N/A

D45N-Q224A-R227A-M238A-Y242A-Myc-
Flag (4AJ)

Software and algorithms

HKL-3000
Xia2
Phenix
PyMOL

MaxQuant 1.6.3.4
Perseus 1.6.2.3
GraphPad Prism v8.4

R 3.6.2

Cytoscape 3.8.0
stringApp 1.5.1

Omics Visualizer app 1.3.0

Minor et al., 2006
Winter, 2010
Adams et al., 2010

The PyMOL Molecular Graphics System,
Version 1.7, Schrodinger, LLC

Cox and Mann, 2008; Cox et al., 2011
Tyanova et al., 2016
GraphPad Software

The R Foundation
Shannon et al., 2003
Doncheva et al., 2019
Legeay et al., 2020

https://www.hkl-xray.com/hkl-3000
https://xia2.github.io/
https://www.phenix-online.org/
https://www.pymol.org/2/

https://maxquant.net/maxquant/
https://maxquant.net/perseus/

https://www.graphpad.com/scientific-
software/prism/

https://cran.r-project.org/
https://cytoscape.org/
http://apps.cytoscape.org/
http://apps.cytoscape.org/

Trim Galore! Babraham Bioinformatics https://www.bioinformatics.babraham.ac.
uk/projects/trim_galore/

Bowtie2 Langmead and Salzberg, 2012 https://github.com/BenLangmead/bowtie2

SegMonk Babraham Bioinformatics https://www.bioinformatics.babraham.ac.
uk/projects/segmonk/

Galaxy Afgan et al., 2016 RRID: SCR_006281; https://
galaxyproject.org/

MACS Zhang et al., 2008 https://github.com/macs3-project/ MACS

Other

Glutathione Sepharose 4B beads
IMAC Sepharose 6 Fast Flow
HiTrap Heparin HP (5 mL)
HiLoad 16/600 Superdex 200 pg
GFP-Trap® Magnetic Agarose
ANTI-FLAG M2 Affinity Gel
Pierce Anti-HA Agarose

Pierce Anti-HA Magnetic Beads

GE Healthcare
GE Healthcare
GE Healthcare
GE Healthcare
Chromatek
Sigma

Thermo Scientific
Thermo Scientific

Cat no. 17-0756-04
Cat no. 17-0921-09
Cat no. 17-0407-03
Cat no. 28-9893-35
Cat no. GTMA-20
Cat no. A2220

Cat no. 26181

Cat no. 88836
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Dynabeads Protein G for Thermo Scientific Cat no. 10003D
Immunoprecipitation

Agencourt AMPure XP beads Beckman Coulter Cat no. A63881

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Anja
Groth (anja.groth@cpr.ku.dk).

Materials availability
All stable and unique reagents generated in this study are available from the Lead Contact subject to a Materials Transfer Agreement.

Data and code availability

Mass spectrometry datasets have been deposited to the ProteomeXchange Consortium via the PRIDE (Perez-Riverol et al., 2019)
partner repository with the dataset identifier PXD020268 and processed data is presented in Table S1. Coordinates and structure
factors have been deposited in the Protein Data Bank under accession codes: 7CIZ (the DNAJC9 aB-H3.3-H4-MCM2 HBD quater-
nary complex) and 7CJ0 (the DNAJC9 HBD-H3.3-H4-MCM2 HBD MCM2 quaternary complex). High-throughput sequencing data
were submitted to NCBI Gene Expression Omnibus (GEO) under the accession identifier GSE154445. Raw data for western blots,
gel-based assays and ITC have been deposited at Mendeley Data (https://doi.org/10.17632/y9mgyw9r59.2). Source data for other
experiments are provided in Table S2. R scripts for data visualization are available upon request. Bubble plot R scripts were adapted
from scripts written by Manuel Garcia Albornoz (Jarnuczak et al., 2018). All other data supporting the findings of this study are avail-
able from the corresponding authors on reasonable request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell lines

Cell line generation and transfection

MCM2 (U-2-OS-FlpIn-Flag-HA-MCM2 WT and Y81A-Y90A) and TONSL (U-2-OS-FlpIn-eGFP-TONSL WT and N571A) cell lines were
published previously (Huang et al., 2015; Saredi et al., 2016). Cell lines expressing DNAJC9 or histones from pLVX-TetOne-Puro con-
structs were created via lentiviral transduction of HelLa S3 suspension cells and Puromycin selection (2 pg/ml) 20-24 hours post-
transduction. Lentivirus containing media supernatants were harvested and 0.45 um syringe filtered 40-60 hours after transfection
of 293FT cells with calcium phosphate precipitates of pLVX-TetOne-Puro, pCMV-VSV and pAX8 plasmids. Cell lines expressing
DNAJC9 in the U-2-OS Flp-In T-REx system (Malecki et al., 2006) were created by co-transfection of pcDNA5-FRT-TO-DNAJC9 con-
structs and pOG44-Flp-recombinase using standard Lipofectamine 2000 transfection protocols (Thermo Scientific) and selection af-
ter 54-64 hours with Hygromycin B (200 pg/ml) and Blasticidin (5 pg/ml). All cell lines tested negative for Mycoplasma contamination,
but H3.2-, H3.3- and CENPA-FlagHA cell lines were not tested separately but derived from a parental HeLa S3 cell line that tested
negative. Transient transfections with pCMV6-DNAJC9 constructs were performed using Lipofectamine 2000 (Thermo Scientific). U-
2-0S, Hela S3 and 293FT cell lines originate from female subjects.

Cell culture

Unless stated otherwise cells were grown in DMEM with Glutamax (GIBCO), 10% FBS (Hyclone) and 1% penicillin/streptomycin
(GIBCO) at 37°C with 5% CO,. HelLa S3 pLVX-TetOne-Puro cell lines were grown under Puromycin selection (1 ng/ml, P8833, Sigma)
and protein expression induced with Doxycycline (100 ng/ml, 36-48 hours). U-2-OS Flp-In T-REXx cells were grown under Blasticidin
(5 ng/ml) selection and additionally Hygromycin B (100-200 pg/ml) for cell lines with pcDNA5-FRT-TO integration, protein expression
was induced with Tetracycline (1-2 ng/ml, 24-48 hours). For SILAC experiments cells were grown in RPMI 1640 Medium for SILAC
supplemented with dialyzed FBS (Thermo Scientific), MEM non-essential amino acid mix (Thermo Scientific), Glutamax (Thermo Sci-
entific), and isotopically labeled arginine (316 uM) and lysine (547 uM). Double SILAC experimental conditions employed heavy Lys8-
Arg6 or light Lys0-Arg0 amino acid pairs and triple SILAC employed heavy Lys8-Arg10, medium Lys4-Arg6, or light Lys0-Arg0. Amino
acid pairs were swapped between biological replicates of SILAC experiments, except the U-2-OS Flp-In T-REx control cell line for
triple SILAC experiments which was cultured with light amino acids in both biological replicates. Isotope labeled amino acids sourced
as follows: Arg0 and Lys0 (A6969 and L8662, Sigma); Arg6, Arg10, Lys4 and Lys8 (CNLM-2265-H1, CNLM-539-H1, DLM-2640-1 and
CNLM-291-H-1, Cambridge Isotope Laboratories). Drosophila S2 cells (male) were grown in M3+BPYE media: Shields and Sang M3
Insect Medium (Sigma, S-8398), KHCOS3 (Sigma, 12602), yeast extract (Sigma, Y-1000), bactopeptone (BD, 211705), 10% heat-in-
activated FBS (Hyclone) and 1X penicillin/streptomycin (GIBCO) at 25°C with 5% CO2.
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METHOD DETAILS

Plasmid construction

Coding sequences for histones H3.1 (HIST1H3A), H3.2 (HIST2H3C), H3.3 (H3F3A), H3.1T (HIST3H3) and CENPA, with silent point
mutations inactivating internal BamHI (CENPA) and Agel (H3.3) restriction sites and C-terminal Flag-HA tags (GGTG
DYKDDDDKLDGGYPYDVPDYA), were synthesized and cloned (by Genscript) between 5 EcoRl and 3' BamH] sites of the pLVX-Te-
tOne-Puro vector (631849, Clontech). DNAJC9 siRNA resistance cassettes designed against Silencer Select siRNAs (s23352,
23353, s23354, Thermo Scientific) were synthesized (by Genscript) and PCR amplified, to use as “mega-primer” pairs, to insert
siRNA resistance cassettes into the pCMV6-DNAJC9-Myc-Flag vector (RC215630, Origene) by site-directed mutagenesis. Double
alanine mutants in the DNAJC9 histone binding interface were incorporated during siRNA resistance cassette synthesis (L216A-
1220A, Q224A-R227A and M238A-Y242A) or by site-directed mutagenesis (E195A-E199A). DNAJC9-Myc-Flag expressing con-
structs were sub-cloned into pLVX-TetOne-puro and pcDNA5-FRT-TO using native or PCR introduced 5 EcoRI and 3' BamHI
restriction sites. DNAJC9 J domain (H43Q-D45N), 4A (Q224A-R227A-M238A-Y242A) and 4AJ mutants (H43Q-D45N-Q224A-
R227A-M238A-Y242A) were generated by site-directed mutagenesis of the aforementioned pcDNA5-FRT-TO-DNAJC9-Myc-Flag
constructs. H3.1 E105A-D106A was generated by site-directed mutagenesis of pLVX-TetOne-Puro-H3.1-Flag-HA. Site-directed
mutagenesis was performed using established QuickChange mutagenesis protocols (Stratagene) or Infusion HD-directed mutagen-
esis (Takara). For Infusion HD-directed mutagenesis parental plasmids were amplified with Phusion HF (F530S, Thermo Scientific)
using mutagenic primers that also create homologous arms which, after PCR purification (QIAgen) and Dpn1 digest (NEB), were re-
combined through Infusion HD cloning (Takara).

Cloning and protein preparation in bacteria

The human DNAJC9 gene was codon-optimized and synthesized (GENEWIZ). The full-length DNAJC9 (amino acids, aa 1-260) and
truncated fragments including a.a 1-170, 171-249, 171-211, and 212-249 were cloned into the pGEX-6P-1 vector, respectively. The
mutants of the histone binding domain (HBD; 171-249) of DNAJC9, including the double mutants L216A-I1220A, Q224A-R227A,
F234A-L235A and M238A-Y242A, and the multiple mutants E195A-E196A-E199A-A200E (4A1) and Q224A-R227A-M238A-Y242A
(4A), were introduced by standard PCR procedure, respectively. The cDNA of full-length ASF1A, MCM2 HBD (43-160), NASP
HBD (30-340), NASP HBD (1-340) and SPT2 HBD (571-685) were also cloned into the pGEX-6P-1 vector, respectively. For expres-
sion of these GST-tagged proteins, the corresponding plasmids were transformed into BL21 (DE3)-RIL cell strain (Stratagene), and
cultured using Luria-Bertani (LB) medium supplemented with ampicillin (100 pg/L) and chloramphenicol (34 pg/L) at 37°C to an
OD600 of ~1.0-1.2. Then, protein expression was induced with 0.5 mM isopropy! B-D-1-thiogalactopyranoside (IPTG) and cells
were further incubated overnight at 20°C. These expressed GST-tagged proteins were first purified with Glutathione Sepharose
4B beads (GE Healthcare), and were further purified by a HiLoad 16/600 Superdex 200 column (GE Healthcare) using a buffer of
20 mM Tris, pH 7.5, 500 mM NaCl. For some experiments, the GST-tags of GST-DNAJC9, DNAJC9 HBD, DNAJC9 HBD 4A,
ASF1A and NASP HBD (1-340) were removed by 3C protease before the gel-filtration step.

The human histones H3.1-H4, H3.3-H4 and H3.3 (E105A-D106A)-H4 tetramers were co-expressed and purified in a similar way to
our previous study (Huang et al., 2015) with small modifications. The previous purification step with the ceramic hydroxyapatite col-
umn was replaced with a HiLoad 16/600 Superdex 200 column purification using a buffer of 20 mM Tris, pH 7.5, 2 M NaCl. The H2A-
H2B dimer was also co-expressed with a 6xHis-tag on H2A. The H2A-H2B dimer was first captured by Ni Sepharose 6 Fast Flow
beads (GE Healthcare) in a buffer of 20 mM Tris, pH 7.5, 2 M NaCl, and eluted with a buffer of 20 mM Tris, pH 7.5, 1 M NaCl containing
500 mM imidazole, then the 6xHis-tags were removed with TEV protease and further purified by a HiLoad 16/600 Superdex 200 col-
umn with a buffer containing 2 M NaCl. The histones octamer was reconstituted by mixing H3.1-H4 tetramer and H2A-H2B dimer at a
molar ratio of 1:2.4 in a buffer of 20 mM Tris, pH 7.5, 2 M NaCl, and further purified by a gel-filtration step. The complexes of MCM2
HBD (61-130)-H3.3-H4 and MCM2 HBD (61-130)-H3.3 (57-135)-H4 were purified as described previously (Huang et al., 2015).

For crystallization, the Cys243 was mutated to serine in DNAJC9 HBD (171-249) and DNAJC9 oB (204-249) constructs. GST-
tagged DNAJC9 HBD C243S and DNAJC9 a.B C243S were purified as above, but the GST-tags were removed by 3C protease before
the final gel-filtration step. The purified DNAJC9 HBD C243S and DNAJC9 B C243S were respectively mixed and incubated with the
purified MCM2 HBD (61-130)-H3.3 (57-135)-H4 complex at a molar ratio of 1:1, and further purified on a HiLoad 16/600 Superdex
200 column using buffers of 20 mM Tris, pH 7.5, 1 M NaCl and 20 mM Tris, pH 7.5, 500 mM NaCl, respectively. The resulting qua-
ternary complexes of DNAJC9 HBD-H3.3-H4-MCM2 HBD and DNAJC9 aB-H3.3-H4-MCM2 HBD were concentrated and stored at
—80°C for further usage.

Crystallization, X-ray data collection and structure determination
All our crystals in this study were obtained with the sitting-drop vapor-diffusion method at 20°C. The DNAJC9 aB-H3.3-H4-MCM2
HBD quaternary complex at a concentration of 20.8 mg/ml was crystallized in 0.05 M lithium sulfate, 0.05 M sodium sulfate; 0.05 M
Tris, pH 8.5, 30% (v/v) PEG400. The DNAJC9 HBD-H3.3-H4-MCM2 HBD MCM2 quaternary complex at a concentration of 20 mg/ml
was crystallized in 0.17 M sodium acetate, 0.1 M Tris, pH 8.5, 25% (v/v) PEG 4000, 20% (v/v) Glycerol.

As the mother liquors contained high concentrations of glycerol and PEG400, respectively, which could serve as cryoprotectants,
all crystals were directly flash-frozen in liquid nitrogen. Diffraction data for the crystal of the DNAJC9 «B-H3.3-H4-MCM2 HBD com-
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plex was collected at a wavelength of 0.9774 A at beamline 18U (BL18U1), at Shanghai Synchrotron Radiation Facility (SSRF), China.
X-ray dataset was processed with the program HKL3000 (Minor et al., 2006). Diffraction data for the crystal of the DNAJC9 HBD-
H3.3-H4-MCM2 HBD complex was collected at a wavelength of 0.9792 A at beamline 17U (BL17U1) at SSRF (Wang et al.,
2018). X-ray dataset was processed in the Xia2 pipeline (Winter, 2010).

Both of the structures were determined by molecular replacement in PHASER (McCoy et al., 2007) with our previous structure of
MCM2 HBD-H3.3-H4 (PDB 5BNV) (Huang et al., 2015) as the search model, and were manually modified using Coot (Emsley et al.,
2010) and refined in PHENIX (Adams et al., 2010). The final structures 7CIZ (the DNAJC9 o«B-H3.3-H4-MCM2 HBD complex; Ram-
achandran favored 98.5% and allowed 1.5%), and 7CJ0 (the DNAJC9 HBD-H3.3-H4-MCM2 HBD complex; Ramachandran favored
98.1% and allowed 1.9%), were refined to 1.80 and 2.50 A, respectively. The dataset of 7CJ0 was partially twined (twin fraction about
0.13), and a merohedral twin law (-h, -k, |) was applied only for the final round of refinement in PHENIX. Data collection and refinement
statistics are listed in Table 1. All the structural figures in this study were prepared with PyMOL (The PyMOL Molecular Graphics Sys-
tem, Schrédinger).

GST pulldowns

For truncation mapping, 50 ul of Glutathione Sepharose 4B beads was suspended with 200 pl of binding buffer (20 mM Tris, pH 7.5,
500 mM NaCl), and 1.5 nmol of GST-tagged DNAJC9 and truncation fragments were added and incubated at 4°C for 30 min. Then,
1.5 nmol of MCM2 HBD-H3.3-H4 complex or H3.3-H4 tetramer were added and incubated at 4°C for another 2 hours. The beads
were washed four times with 1 mL of washing buffer (20 mM Tris, pH 7.5, 500 mM NaCl, 0.5% (v/v) Triton X-100) before adding 50 pl of
sample loading buffer. GST pulldowns of GST-tagged DNAJC9 HBD and its mutants with MCM2 HBD-H3.3-H4 complex, and GST
pulldowns of GST-tagged DNAJC9 HBD, full-length ASF1A, MCM2 HBD (43-160), NASP HBD (30-340) and SPT2 HBD (571-685)
with H3.3-H4 and H3.3 (E105A-D106A)-H4 tetramers, were performed in the same manner. All samples were analyzed by 15%
reducing SDS-PAGE.

Isothermal titration calorimetry (ITC)

All the ITC titrations were performed on a MicroCal PEAQ-ITC (Malvern Panalytical Ltd) at 20°C. Protein samples were buffer-
exchanged to 20 mM Tris-HCI, pH 7.5, 500 mM NaCl. A 50 pl of DNAJC9 HBD or the 4A mutant at a concentration of 300 uM
was loaded into the syringe, while a 250 pl of H3.3-H4 or H3.1-H4 at a concentration of 30 uM (dimers) was loaded into the cell.
The titration protocol consisted of 18 successive injections of 2 ul, with a spacing time of 250 s between each injection. The datasets
were processed with the Origin software package (OriginLab) and the curves were fit using the ‘one set of sites’ model. The average
equilibrium dissociation constant, K,, was determined from 3 independent experiments.

Plasmid supercoiling assay

DNA supercoiling assays were performed as described (Fyodorov and Kadonaga, 2003; Huang et al., 2015; Senapati et al., 2015),
with the following modifications. The cDNA of ND423 fragment of Drosophila topoisomerase | (dTopo |) was synthesized by Sangon
Biotech (Shanghai), and then cloned into a modified pRSFDuet-1 vector, with an N-terminal 6xHis-SUMO tag. The resulting ND423
plasmid was transformed into BL21 (DE3)-RIL cell strain for expression, and the expressed protein was purified by Ni Sepharose 6
Fast Flow beads. The elution after Ni-affinity purification was dialysed against 2 | of buffer containing 20 mM HEPES, pH 7.5, 0.2 mM
EDTA, 200 mM NaCl, 0.02% (v/v) NP-40, 1 mM DTT, 0.2 mM PMSF at 4°C for 4 hours. Then, the protein sample was concentrated to
1.0 mg/ml, added 50% (v/v) glycerol, and stored at —20°C for further usage.

The ®X174 RF | DNA (purchased from NEB) was relaxed with dTopo | (ND423; 25 ng enzyme per 100 ng DNA) in assembly buffer
(10 mM Tris, pH 7.5, 125 mM NaCl, 2 mM MgCI2, 0.5 mM DTT and 0.1 mg/ml BSA) and incubated at 37°C for 60 min. At the same
time, 160 ng histone octamer, were mixed with 174 ng ASF1A (2.5-fold to H3-H4 dimer), 280 ng NASP HBD (1-340; 2.5-fold to H3-H4
dimer), 230 ng DNAJC9 (2.5-fold to H3—-H4 dimer), and 460 ng DNAJC9 (5-fold to H3-H4 dimer), respectively, in assembly buffer with
a final volume of 20 pl. The mixtures were incubated at 37°C for 30 min. To initiate the assembly reaction, 5 ul of the relaxation mixture
(containing 100 ng of relaxed DNA) was mixed with the 20 pl of chaperone-histone mixture and incubated for 120 min at 37°C. After
that, 25 pl of stop buffer (20 mM Tris, pH 8.0, 20 mM EDTA, 1% SDS and 0.5 mg/ml proteinase K) was added to remove the proteins
and incubated at 50°C for 20 min. Phenol/chloroform DNA extraction and ethanol precipitation were then performed. DNA samples
were analyzed on a 1% agarose gel with 1 x TBE buffer (89 mM Tris borate, 2 mM EDTA) at 100 V for 4 hours. The gel was visualized
by ethidium bromide (EB) staining.

Cell extracts

Soluble extracts were generally prepared by extracting cell pellets washed twice in PBS with ice-cold chromatin wash buffers
(ChWB), and supernatants clarified by centrifugation (16,000 g, 5 mins) and filtration (0.45 pm). ChWB: NaCl (300 mM), Nonidet
P40 (0.5%), HEPES.NaOH or Tris.HCI (50 mM, pH 7.9/7.6), EDTA (0.2 mM), glycerol (5%), NaF (5 mM) and B-Glycerolphosphate
(10 mM), Phenylmethanesulfonyl fluoride (0.1 mM), Leupeptin (10 pg/ml), Pepstatin A (10 pg/ml), Trichostatin A (100 ng/ml),
NazVO, (0.2 mM). For siRNA depleted histone pulldowns cells were extracted 96 hours after Silencer® Select siRNA depletion
(Thermo Scientific: sIDNAJC9, s23354; siBAG2, s18295; siHSPA8 (siHSP7C), s6987; Negative Control No. 1) with 48 hours of
H3.1 or H4-FlagHA expression (100 ng/ml Doxycycline). For MCM2 and TONSL, U-2-OS cells were washed twice in PBS and ex-
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tracted by scraping in ChWB buffered with Tris.HCI (50 mM, pH 7.5). Resultant extracts were clarified by centrifugation (15 mins,
15,000 g) and 30 mins of pre-clearing with chromatin wash buffer equilibrated Superflow 6 beads (IBA). When comparing DNAJC9
interactomes in soluble and chromatin fractions the following changes were made: adherent U-2-OS cells were harvested at 4°C by
scraping in PBS/EDTA (10 mM), washed twice in PBS and extracted twice with ChWB combining supernatants after centrifugation
(2,800 g, 3 mins, 4°C) to form one soluble extract. Pellets after soluble extraction were digested with MNase (3.8 U/ul, 88216, Thermo
Scientific) in 1 volume of digestion buffer (1.5 hours, 30°C, 1250 rpm). Digestion buffer (DB): ChWB (49 ml) with 10 mM CaCl, (1 ml,
0.5 mM). MNase digests were quenched by the addition of EDTA (0.05 volumes, 0.5 M) and EGTA (0.05 volumes, 0.5 M) and filtered
(0.45 um) and with an additional 0.5 volumes of ChWB to wash through the filter.

Immunoprecipitation

Protein concentrations measured using Pierce 660nm Protein Assay Reagent (Thermo Scientific) or the Bradford protein assay (Bio-
Rad) were equalized with their equivalent final extraction buffer. Flag-HA-MCM2, eGFP-TONSL, histones-Flag-HA and DNAJC9-
Myc-Flag extracts were incubated with the following beads: anti-HA (88836, Thermo Scientific), GFP-trap (GTMA-20, Chromotek),
anti-HA (26181, Thermo Scientific) and anti-Flag M2 (A2220, Sigma), respectively. IPs were washed in ice-cold chromatin wash
buffer, except where stated otherwise, and additional ice-cold wash buffers dependent on their downstream analysis. DNAJC9 SI-
LAC IPs were additionally washed in ChWB without Nonidet P40, Glycerol or EDTA, prior to LSB elution. H3.1 versus H3.1T and H3.1
versus H3.1 ED105AA IPs for mass spectrometry analysis were additionally washed 3 times with minimal wash buffer (MWB: 300 mM
NaCl, 50 mM Tris pH 7.6) prior to guanidinium chloride-based elution and in-solution tryptic digestion. Label-free DNAJC9 IPs and
histone IPs from siRNA treated cell extracts were additionally washed with MWB and NH4HCO3 (50 mM) prior to on-bead tryptic
digestion. SILAC MCM2 and TONSL IPs were washed exclusively in ChWB with reduced NaCl (150 mM), Nonidet P40 (0.2%) and
Tris.HCI (50 mM, pH 7.5) prior to LSB elution. SILAC samples were subjected to in-gel tryptic digestion. Pulldowns probed by western
blot were eluted in LSB.

Quantitative ChiP-seq and cell fractionation
U-2-0S Flp-In T-REx DNAJC9-Myc-Flag WT, J and 4AJ mutants were compared to the parental U-2-OS Flp-In T-REx cell line in
ChlP-seq experiments and cell fractionation control experiments. Cells were cultured, induced (2 ng/ml Tetracycline, 48 hr), and pro-
cessed in parallel. Soluble and chromatin fractionation experiments were processed without cross-linking as follows. Cells washed in
PBS (37°C) were released with Trypsin-EDTA (0.25%, 37°C, 25200056, Thermo Scientific), quenched with DMEM + 10% FBS, and
cell pellets after centrifugation (300 g, 5 mins) washed in warm PBS, and ice-cold PBS and stored at —80°C. Cell pellets were ex-
tracted with 1 volume of ice-cold ChWB, and soluble supernatants transferred to fresh tubes after centrifugation (2800 g, 3 mins,
4°C) and filtration (0.45 pm). Chromatin pellets were washed with 1 volume of ChWB, spun down (2800 g, 3 mins, 4°C) and digested
with Benzonase (0.015 volumes, 25 U/ul, Millipore, 70746, 1 hour, 37°C) in 1 volume ChWB supplemented with MgCl, (0.01 volume, 1
M). Resultant chromatin extracts were spun down (16,000 g, 3 mins, 4°C) and supernatants transferred to fresh tubes. Protein con-
centrations measured using Pierce 660nm Protein Assay Reagent (Thermo Scientific) were equalized prior to western blot analysis.
For quantitative ChlP-seq, U-2-OS cells were processed along with Drosophila S2 cells following the truChlP Chromatin Shearing
Kit protocol (Covaris, 520127). Cells fixed (1% formaldehyde, 10 mins, RT) and quenched (Quenching Buffer E, 5 mins, RT) were
washed twice in PBS and harvested by scraping. Cell pellets were snap-frozen in liquid nitrogen and stored at —80°C until lysis.
Cell lysis and nuclei isolation was performed as per manufacturer’s instructions, then 10-20 million nuclei were resuspended in Co-
varis Shearing Buffer D3 (1 ml) and sonicated (Covaris M220) in AFA milliTUBEs (Covaris, 520130). Sonication parameters: duty cycle
intensity = 10%, cycles/burst = 200, processing time = 25 mins, bath temp = 7°C, and water level = full. Chromatin extracts for ChIP
were clarified by centrifugation (10 min, 10,000 g at 4°C). ChIP inputs (25 ug total DNA) including spike-in control Drosophila S2 chro-
matin (1.5%) were adjusted to 500 pl with dilution buffer (4% glycerol, 10 mM Tris.HCI pH 8.0, 1 mM EDTA, 0.5 mM EGTA), and further
diluted with 400 pl of incubation buffer (2.5% Triton X-100, 0.25% sodium deoxycholate, 0.25% SDS, 0.35 M NaCl, 10 mM Tris.HCI
pH 8 with 1 pg/ml Leupeptin, 1 ng/ml Aprotinin, 1 ng/ml Pepstatin A, and 1 mM PMSF). Samples from ChlIP inputs (1%, 10 pl) were
taken for controls and stored at —20°C, the remainder was applied to 40 pl Protein-G Dynabeads (Thermo Scientific), pre-blocked
(PBS, 0.5% Tween and 0.5% BSA) and pre-coupled with antibodies against Flag (5 ng, Sigma, F7425) and H2Av (2ug, Active Motif,
39715), and incubated with rotation over-night (4°C). ChIP washes, elution and decrosslinking were performed as previously reported
(Kaaij et al., 2019). DNA was purified using AMPure XP beads (Beckman Coulter) and quantified with Qubit dsDNA high-sensitivity
assay (Thermo Scientific). Finally, immunoprecipitated DNA was subjected to end repair, A-tailing and amplification using the KAPA
Hyperprep kit protocol (Roche). Before amplification, DNA was size-selected with Agencourt AMPure XP beads (Beckman Coulter) to
obtain fragments between 200-700 bp. For amplification, 8 PCR cycles were used followed by clean-up with Agencourt AMPure
XP beads.

DNA sequencing, data processing and analysis

ChlP-seq libraries were sequenced 75 bp single-end on an lllumina NextSeq 500. Trimming, mapping and peak calling were per-
formed in Galaxy (Afgan et al., 2016) as follows: adaptor sequences were trimmed using Trim Galore (Babraham Institute), reads
were mapped to the hg38 assembly human genome using Bowtie2 (Langmead and Salzberg, 2012) and peak calling was performed
with MACS ““broad domain’’ parameters (Zhang et al., 2008) using INPUT as control. Subsequent analysis was performed using Seq-
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monk (version 1.42.1). Reads with MAPQ < 20, PCR duplicates, and reads that overlapped with the Broad Institute sequencing black-
list (ENCODE Project Consortium, 2012) were discarded. For downstream analysis, the remaining reads were extended by 250 bp. To
calculate reference-adjusted reads per million (RRPM) normalization factors for ChlP-seq libraries with spike-in, reads were mapped
to the dm3 assembly Drosophila genome using Bowtie2 (Langmead and Salzberg, 2012) in Galaxy (Afgan et al., 2016). The number of
uniquely mapped reads was used to calculate RRPM as in Reveron-Gomez et al. (2018). INPUT corrected DNAJC9 signal for Fig-
ure 5E was calculated as the Log, fold change of DNAJC9 ChIP signal over INPUT signal, in reads per million (RPM). Bedgraphs
for screenshots generated in Segmonk (version 1.42.1) were visualized with custom R scripts. Boxplots were generated in R using
custom scripts.

Immunofluorescence microscopy

U-2-0S Flp-In T-REx DNAJC9-Myc-Flag WT, J, 4A and 4AJ cells were seeded at a density of 9,400 cells per well in 96 well plates
(Zell-Kontakt, 5241-20), relevant wells induced with Tetracycline (1 pg/ml, 48 hours) and DNA synthesis labeled with EAU (20 mins,
40 uM). Cells washed in ice-cold PBS were either fixed directly (4% paraformaldehyde, 15 mins, 4°C) or after pre-extraction, with
cytoskeleton buffer CSK/0.5% Triton X-100 (5 mins on ice), and washes in ice-cold CSK and PBS. EdU staining followed the
Click-iT plus Alexa647-picolyl azide protocol (Thermo Scientific), proteins and DNA detected by immunofluorescence and DAPI
(4',6-diamidino-2-phenylindole) staining respectively. Images were acquired on an Olympus ScanR high-content microscope and
analyzed with ScanR analysis software. Cell cycle gates were defined using mean EdU and total DAPI intensities. Over 2000 cells
were analyzed per condition per biological replicate.

Antibodies

Western blots were performed with the following antibodies: TONSL (1:1000, HPA046494, Sigma), CAF1A/p150 (1:1000, (Quivy
et al., 2004)), MCM2 (1:1000, A300-122A, Bethyl Laboratories), CAF1B/p60 (1:1000, (Quivy et al., 2004)), DNAJC9 (1:1000,
ab150394, Abcam), HA (1:3000-5000, C29F4 #3724, Cell Signaling Technology), DAXX (1:250, HPA008736, Sigma), HJURP
(1:1000-2000, HPAQ08436, Sigma), Flag (1:3000-20000, F7425, Sigma), H3 (1:1000-, ab1791, Abcam), H4 (05-858, Millipore),
Tubulin (1:10000, ab6160, Abcam), BAG2 (1:1000, ab79406, Abcam), HSC/HSP70 (1:200, sc-24, Santa Cruz Biotechnology)
and HSC70 (1:500-1000, sc-7298, Santa Cruz Biotechnology). Immunofluorescence was performed with the following antibodies:
Flag (1:500, F3165, Sigma), Goat Anti-Mouse-Alexa488 (1:1000, A-11029, Thermo Scientific).

MS sample preparation

Samples were digested using sequencing-grade modified trypsin, either in-gel, in-solution, or on-beads, according to standard pro-
cedures. Peptides were desalted and purified at low-pH or high-pH on StageTips (Rappsilber et al., 2007), assembled using four
layers of C18 (punch-outs from 47mm C18 3M extraction discs, Empore). All buffers and samples were passed over StageTips
by centrifugation at 1,500 g. StageTips were activated using 100 pl methanol, followed by 100 pl of 80% ACN in 0.1% formic acid
(low pH) or 200 mM ammonium (high pH). StageTips were equilibrated using 2 x 100 ul of 0.1% formic acid (low pH) or 50 MM ammo-
nium (high pH), after which samples were loaded, washed twice with 150 ul 0.1% formic acid or 50 mM ammonium, and eluted with
40 pl of 40% ACN in 0.1% formic acid (low pH) or 80 pl of 25% ACN in 50 mM ammonium (high pH). All samples were vacuum-dried to
completion in LoBind tubes, using a SpeedVac at 60°C for 2 h, dissolved by the addition of 10 ul 0.1% formic acid, and stored at
—20°C until mass spectrometric measurement. Details per experiment are listed in the experimental design table available on Pro-
teomeXchange via identifier PXD020268.

MS analysis

The majority of samples were analyzed on EASY-nLC 1200 system (Thermo), coupled to a Q Exactive HF-X Hybrid Quadrupole-Orbi-
trap mass spectrometer (Thermo). Exceptions to instrumentation and settings used are listed in the experimental design table avail-
able on ProteomeXchange via identifier PXD020268. Separation of peptides was performed using 15-cm columns (75 um internal
diameter) packed in-house with ReproSil-Pur 120 C18-AQ 1.9 um beads (Dr. Maisch). Elution of peptides from the column was
achieved using a gradient ranging from buffer A (0.1% formic acid) to buffer B (80% acetonitrile in 0.1% formic acid), at a flow of
250 nl/min. Gradient length was 100 min per sample, including ramp-up and wash-out, with an analytical gradient of 79 min with
a buffer B ramp from 7% to 38% buffer B. The column was heated to 40°C using a column oven, and ionization was achieved using
a Nanospray Flex lon Source (Thermo). Spray voltage was set to 2 kV, ion transfer tube temperature to 275°C, funnel RF level to 40%,
full scan range to 300-1,750 m/z, MS1 resolution to 60,000, MS1 AGC target to 3,000,000, and MS1 maximum injection time to 60 ms.
Precursors with charges 2-6 were selected for fragmentation using an isolation width of 1.3 m/z, and fragmented using higher-energy
collision disassociation (HCD) using a normalized collision energy of 25. Precursors were excluded from re-sequencing by setting a
dynamic exclusion of 100 s. MS2 resolution was set to 30,000, MS2 AGC target to 200,000, minimum MS2 AGC target to 20,000, MS2
maximum injection time to 58 ms, and loop count to 14.
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QUANTIFICATION AND STATISTICAL ANALYSIS

Analysis of MS data

AllMS RAW data was analyzed using the freely available MaxQuant software (Cox and Mann, 2008; Cox et al., 2011), version 1.6.3.4.
Default MaxQuant settings were used, with exceptions specified below. For the generation of the theoretical spectral library, the hu-
man FASTA database was downloaded from UniProt on the 13" of May, 2019. Label-free quantification was enabled. Stringent Max-
Quant 1% FDR filtering was applied at all levels (default). Matching between runs and second peptide search were enabled. For SI-
LAC samples, multiplicity was set to 2 (exp. 1 and 2) or 3 (exp. 3), with SILAC labels set to Arg0;Lys0 (light) and Arg6;Lys8 (heavy) or
Arg0;LysO0 (light) and Arg6;Lys4 and Arg10;Lys8 (heavy), respectively.

Statistical analysis of MS data

MaxQuant text output (proteinGroups.txt) was further analyzed using the freely available Perseus software (Tyanova et al., 2016),
version 1.6.2.3. Details regarding statistical handling of data are outlined in each figure legend. In general, the proteomics data
was filtered to exclude contaminant hits, reverse-database hits, and proteins only identified by site, Log, transformed, and filtered
for detection in all replicates for at least one condition. Where stated, missing values were imputed with a down shift of 1.8 and a width
of 0.3. Student’s two-sample t testing was performed with permutation-based FDR control, with sO values stated for each experi-
ment, to derive p-values corrected for multiple-hypothesis testing (i.e., g-values).

Data visualization

Volcano and scatterplots were visualized in GraphPad Prism (v8.4). Bubble plots and heatmaps were visualized with R version 3.6.2
using the libraries ggplot2 version v3.2.1, scales version 1.1.0, RColorBrewer version 1.1.2, and pheatmap version 1.0.12. Network
analysis was performed in Cytoscape (Shannon et al., 2003) version 3.8.0 with the stringApp (Doncheva et al., 2019) version 1.5.1 and
the Omics Visualizer app (Legeay et al., 2020) version 1.3.0. All other statistical analysis was performed in GraphPad Prism and test
details are referred to in figure legends.
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Figure S1. Biochemical and Structural Characterisation of the DNAJC9 HBD - Related to Figure 2 and
Table 1
(A) Truncation mapping of DNAJC9 histone binding domain (HBD) using GST-pulldown. The pulldowns were

between GST-DNAJC9 fragments and histone H3.3—-H4, similar to Figure 2B but without the MCM2 HBD.
(B) Pulldowns showing that C243S mutation on DNAJC9 HBD or aB did not influence histone binding.

(C) Stereo view showing structural comparison of the two copies of the DNAJC9 HBD-H3.3-H4-MCM2
HBD quaternary complexes in the crystallographic asymmetric unit. One complex is color-coded DNAJC9
HBD (magenta), H3.3 (blue), H4 (green) and MCM2 HBD (pink), while the other is coloured silver. The color-
coded complex is the form presented in Figure 2C. The two complex structures superimposed well with a
small root-mean-square deviation (rmsd) of 0.47 A.

(D) Superimposition of the DNAJC9 HBD-H3.3-H4-MCM2 HBD complex (colored in C) with the MCM2
HBD-H3.3-H4 complex (silver; PDB 5BNV (Huang et al., 2015)). The aB helix of DNAJC9 HBD sterically
occludes the H3.3’ a3’ helix (cyan) to block H3.3—-H4 tetramerisation seen in the MCM2 HBD-H3.3-H4
complex. The H4 C-terminus (‘C-ter’; orange) adopts a helical conformation upon DNAJC9 HBD binding,
while it is partially disordered in the MCM2 HBD—-H3.3—H4 complex.

(E) Superimposition of the DNAJC9 HBD-H3.3-H4-MCM2 HBD complex (colored in C) with the H3.3-H4
tetramer from a partial representation of the nucleosome (silver; PDB 3AV2 (Tachiwana et al., 2011)). The
oB helix of DNAJC9 HBD sterically occludes the H3.3’ 0.3’ helix (cyan) to block H3—H4 tetramerisation
observed in the nucleosome. The H4 C-terminus (‘C-ter’; orange) adopts a helical conformation upon
DNAJC9 HBD binding, while it forms a B-strand with the H2A docking domain (yellow) in the nucleosome.
(F) Superimposition of the DNAJC9 HBD-H3.3-H4—MCM2 HBD complex (colored in C) and the SPT2—
H3.2-H4 complex (H3.2—H4 tetramer, silver; SPT2, orange; PDB 5BS7 (Chen et al., 2015)), showing that
observed binding modes of DNAJC9 HBD and SPT2 HBD with histone H3—H4 are mutually incompatible.
(G) DNAJC9 HBD contacts MCM2 HBD in two points with interacting residues highlighted (see magnified
inserts; colored in C).

(H) Overall structure of the DNAJC9 a.B—H3.3—H4-MCM2 HBD quaternary complex in cartoon
representation (DNAJC9 aB, magenta; H3.3, blue; H4, green; MCM2 HBD, pink). This structure is almost
identical to its counterpart containing the DNAJC9 HBD (rmsd 0.38 A, Figure 2C). Data collection and
refinement statistics presented in Table 1.

(I) Superimposition of the DNAJC9 HBD-H3.3—H4-MCM2 HBD complex (colored in C) and the HJURP-
CENPA—-H4 complex (CENPA-H4 dimer, silver; HJURP, orange; PDB 3R45 (Hu et al., 2011)), revealing that
the aB helix of DNAJC9 HBD has a similar structural configuration to the aA helix of HJURP.
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Figure S2. Analysis of DNAJC9 Histone Binding Mutants and H3.1T Interactome - Related to Figure 4
(A) Pull-downs from soluble extracts of DNAJC9 WT and mutant proteins expressed by transient transfection
and analysed by Western blotting (representative of n=2 biological replicates).

(B) DNAJC9 WT, 4A mutant and control purifications subjected to triple SILAC based mass spectrometry
analysis. Data from the same experiment is shown with WT/C on the x-axis in Figure 4A. This plot highlights
a histone-independent interaction between DNAJC9 and SPT2. Ratios averaged from n=2 biological
replicates.

(C) Analysis of the H3.1T interactome. Histone purifications from soluble extracts subjected to label-free
mass spectrometry analysis (n=3 biological replicates, sO = 0.5, FDR = 0.05). Volcano plots represent
differences in median normalised LFQ intensities (LFQwm.n.) with missing values imputed for factors observed
3 times in either condition. Diamonds, protein level LFQ quantification; Red dots, median ratios and p values
from peptide level LFQ intensities for peptides specific to either H3.1 (H31) or H3.1T (H31T), or shared H3
peptides (H3).

(B and C) Proteins referred to by human UniProt protein identification code. See also Table S1.
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Figure S3. Functional Proteomic Analysis of Histone H3.1 and H4 Complexes Using siRNA Depletion
of DNAJC9 and the Heat Shock Machinery — Related to Figure 4

(A-G) (A) Histone H3.1 and H4 purifications from soluble extracts siRNA depleted of DNAJC9 (B-C), BAG2
(D-E) or HSC7C (F-G) compared to control siRNA depletions and subjected to label-free mass spectrometry
analysis (H3.1 n=5 and H4 n=4 biological replicates, s0 = 0.5, FDR = 0.05). Volcano plots represent
differences in median-normalised LFQ intensities (LFQw.n.) with missing values imputed for factors observed
in all replicates of either condition for each volcano plot comparison.

(H and 1), Western blot controls for siRNA depletion in extracts used for (H) H3.1 and (I) H4 pulldowns.

(J) Quantitation of the variant specific peptides showing a small but significant increase in H3.2 (P = 0.039)
but not H3.3 peptides (P = 0.969) in H3.1 pulldowns depleted for DNAJC9 with no significant variant peptide
gains in H3.1 pulldowns depleted for HSP7C (H3.2 P = 0.969, H3.3 P >0.999) and BAG2 (H3.2 P = 0.215,
H3.3 P >0.999). P values represent unpaired t-tests Holm-Sidak corrected, alpha = 0.05, assuming sampling
from populations with constant standard deviation. See also Table S2.

(B-G) Proteins referred to by human UniProt protein identification code. See also Table S1.
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Figure S4. The DNAJC9 J Mutant is Trapped on Chromatin in a Histone Dependent Manner
Throughout the Cell Cycle — Related to Figure 5

(A-G) High-content microscopy of DNAJC9-MYC-Flag WT and mutants induced by tetracycline (+Tet) in
direct fixed (total) or pre-extracted (chromatin-bound) U-2-OS cells pulsed with EdU (n=3 biological
replicates). See also Table S2.

(A) Mean flag intensity in nuclei defined by DAPI (error bars represent mean + s.d).

(B) Percentage of Flag positive cells (error bars represent mean + s.d).

(C) Gating strategy for identification of Flag positive cells in (B)

(D) Left, Representative cell cycle gating showing G1, S and G2/M populations of pre-extracted Flag positive
DNAJC9 J mutant cells. Right, Mean cell cycle populations + s.d. of Flag positive DNAJC9 J mutant cells
comparing direct or pre-extracted cells (for G1, S and G2M comparisons, adjusted P = 0.092, >0.999, 0.092,
unpaired t-tests Holm-Sidak corrected, alpha = 0.05, assuming sampling from populations with constant
standard deviation).

(E) Mean nuclear Flag intensities in cell cycle gated populations for pre-extracted DNAJC9 J mutant cells
(Flag positive) (Left; representative example, means indicated) and experimental means shown (Right; from
left, P=0.0404 and 0.0456, paired two-sided t-tests, error bars represent mean + s.d.).

(F) Mean EdU intensities + s.d. in EdU positive cells comparing intensities with and without the expression
(+/- Tet) of DNAJC9 WT and mutants (from left, adjusted P =0.7127, 0.9872, 0.6763, 0.7736, unpaired t-
tests Holm-Sidak corrected, alpha = 0.05, assuming sampling from populations with constant standard
deviation).

(G) Mean cell cycle populations * s.d. in direct fixed cells, comparing population percentages with and
without expression (+/- Tet) of DNAJC9 WT and mutants (from left for G1, adjusted P = 0.9470, 0.9998,
0.9998 and 0.9439; from left for S, adjusted P = 0.7540, 0.9608, >0.9999 and 0.9998; from left for G2M,
adjusted P = 0.9998, 0.9962, 0.9998 and 0.9594, unpaired t-tests Holm-Sidak corrected, alpha = 0.05,

assuming sampling from populations with constant standard deviation)



Figure S5
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(2) Filtering reverse hits, only identified by site and contaminants (3076 proteins)

(3) Filtering for 6/6 observations in WT or J or 4A (1654 proteins)

(4) Filtering for enrichment over beads in any condition (464 proteins combined) - panel B

(5) Bait normalisation - panel C

(6) WT vs 4A and WT vs J volcano plots - no imputed values - panels D & E

(7) For factors not identified in 6/6 control samples WT/J and WT/4A ratios were imputed, filtered and normalised similarly (177 proteins)
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Figure S5. Mass Spectrometry Analysis of DNAJC9 WT, J and 4A vs Control Purifications from
Soluble Extracts — Related to Figure 6

(A) Overview of data analysis workflow. Data from n=6 biological replicates.

(B) Volcano plots of showing enrichment of factors associated with soluble DNAJC9 WT and mutants over
beads. Factors highlighted in red are significant (sO = 0, FDR = 0.01) and have a Log2 fold change of >1.5 in
their ratio of LFQ intensity (DNAJC9/control). LFQ intensities of factors that met these filtering criteria for WT,
J or 4A purifications were subsequently bait normalised.

(C) DNAJC9 LFQ intensity in purifications before and after bait normalization. See also Table S2.

(D and E) Volcano plots of showing enrichment of factors with DNAJC9 WT compared to mutants 4A (D)
and J (E), ratios represent bait normalized LFQ intensities. Colours were used to highlight factors that show
statistical differences in DNAJC9 WT and mutant comparisons (sO = 2, FDR = 0.01), with the exception of
DNAJC9 proteins labelled show significant differences.

(F) Venn diagrams (InteractiVenn (Heberle et al., 2015)) colour coded as in (D-E), showing the overlap of
factors classified as statistically changing between WT vs mutant. The top 5 GO biological process direct
terms from indicated regions of Venn diagram from DAVID (Huang da et al., 2009a, b) version 6.8 analysis
with the number of GO term associated proteins and fold change indicated compared to all factors identified
(after filtering reverse hits, only identified by site and contaminants - step 2 in (A)); EASE = 0.01. See also
Table S2.

(B, D and E) Proteins referred to by human UniProt protein identification code. See also Table S1.



Figure S6
A

MS Analysis Workflow

(1) Raw data (2693 proteins)

(2) Filtering reverse hits, only identified by site and contaminants (2562 proteins)

(3) Filtering for 6/6 observations in WT or J or 4A (1613 proteins)

(4) Filtering for enrichment over beads in any condition - panel B (422 proteins combined)

(5) Bait normalisation - panel C

(6) WT vs 4A and WT vs J volcano plots - no imputed values - panels D & E

(7) For factors not identified in 6/6 control samples WT/J and WT/4A ratios were imputed, filtered and normalised similarly (26 extra proteins) - panel G

10) Maturation of LSU-rRNA from tricistronic rRNA transcript (4, 11.3)
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Figure S6. Mass Spectrometry Analysis of DNAJC9 WT, J and 4A vs Control Purifications from
Chromatin Extracts — Related to Figure 6

(A) Overview of data analysis workflow. Data from n=6 biological replicates.

(B) Volcano plots of showing enrichment of factors associated with chromatin bound DNAJC9 WT and
mutants over beads. Factors highlighted in red are significant (sO = 0, FDR = 0.01) and have a Log2 fold
change of >1.5 in their ratio of LFQ intensity (DNAJC9/control). LFQ intensities of factors that met these
filtering criteria for WT, J or 4A purifications were subsequently bait normalised.

(C) DNAJC9 LFQ intensity in purifications before and after bait normalization. See also Table S2.

(D and E) Volcano plots of showing enrichment of factors with DNAJC9 WT compared to mutants 4A (D)
and J (E), ratios represent bait normalized LFQ intensities. Colours were used to highlight factors that show
statistical differences in DNAJC9 WT and mutant comparisons (sO = 2, FDR = 0.01), with the exception of
DNAJC9 proteins labelled show significant differences.

(F) Venn diagrams (InteractiVenn (Heberle et al., 2015)) colour coded as in (D-E), showing the overlap of
factors classified as statistically changing between WT vs mutant. The top 5 GO biological process direct
terms from indicated regions of Venn diagram from DAVID (Huang da et al., 2009a, b) version 6.8 analysis
with the number of GO term associated proteins and fold change indicated compared to all factors identified
(after filtering reverse hits, only identified by site and contaminants - step 2 in (A)); EASE = 0.01. See also
Table S2.

(G) Scatter plot of DNAJC9 WT vs 4A and WT vs J ratios; all factors that met the statistical filtering without
imputation (diamonds) and additionally factors imputed (circles) that were not identified in 6/6 control samples
but otherwise met filtering requirements set out in (A).

(B, D, E and G) Proteins referred to by human UniProt protein identification code. See also Table S1.
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