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Abstract

Histone chaperones modulate the stability of histones beginning
from histone synthesis, through incorporation into DNA, and
during recycling during transcription and replication. Following
histone removal from DNA, chaperones regulate histone storage
and degradation. Here, we demonstrate that UBR7 is a histone
H3.1 chaperone that modulates the supply of pre-existing post-
nucleosomal histone complexes. We demonstrate that UBR7 binds
to post-nucleosomal H3K4me3 and H3K9me3 histones via its UBR
box and PHD. UBR7 binds to the non-nucleosomal histone chaper-
one NASP. In the absence of UBR7, the pool of NASP-bound post-
nucleosomal histones accumulate and chromatin is depleted of
H3K4me3-modified histones. We propose that the interaction of
UBR7 with NASP and histones opposes the histone storage func-
tions of NASP and that UBR7 promotes reincorporation of post-
nucleosomal H3 complexes.
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Introduction

The packaging of DNA into chromatin necessitates the assembly
and disassembly of nucleosomes during DNA-based processes such
as transcription and replication (Luger et al, 1997; Alabert et al,
2017; Lai & Pugh, 2017; Gan et al, 2018; Petryk et al, 2018; Yu et al,

2018; Jeronimo et al, 2019; Kobayashi & Kurumizaka, 2019; Torne
et al, 2020). Histone supply, deposition, and reassembly into nucle-
osomes depend on a class of histone binding proteins known as
chaperones. Histone chaperones ensure the proper folding and
stability of newly synthesized histone proteins as they emerge from
the ribosome, facilitate import of pre-nucleosomal histones into the
nucleus, and mediate assembly of DNA and histones into nucleo-
somes (Campos et al, 2010, 2015). Histone chaperones are neces-
sary for retention of pre-existing nucleosomal parental histones
during gene transcription (Jeronimo et al, 2019; Torne et al, 2020)
and in the duplicating chromatin of dividing cells, allowing for
preservation of epigenetic states within and across cellular genera-
tions (Gan et al, 2018; Petryk et al, 2018; Yu et al, 2018). Histone
chaperones also interact with pre-existing soluble post-nucleosomal
histones downstream of histone eviction from chromatin and
upstream of histone degradation (Groth et al, 2007; Cook et al,
2011). The pathways that chaperone pre-existing post-nucleosomal
histones are not as well characterized as the pathways that chaper-
one newly synthesized pre-nucleosomal and nucleosomal histones.

NASP is a soluble, non-nucleosomal histone H3/H4 chaperone
that associates with pre-nucleosomal histones bearing the H4K12ac
post-translational modification (PTM) as well as post-nucleosomal
histones bearing H3K4me3 or H3K27me3 (Wang et al, 2008; Campos
et al, 2010, 2015; Cook et al, 2011; Bowman et al, 2016). NASP
histone binding acts as a “buffer” that maintains a non-nucleosomal
pool of histone H3/H4 tetramers, and NASP depletion in HeLa-S3
cells results in loss of roughly 90% of soluble, non-nucleosomal H3/
H4 (Cook et al, 2011). Inhibition of DNA polymerases reduces the
amount of H3K4me3 histone associated with NASP, suggesting that
NASP binds a pool of post-nucleosomal histones evicted from chro-
matin during replication (Campos et al, 2015).

We and others have found UBR7 abundantly associated with
histone H3.1 (Foltz et al, 2006, 2009; Campos et al, 2015; Ji et al,
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2015; Lambert et al, 2015; Kleiner et al, 2018). UBR7 possesses two
highly conserved domains: an ubiquitin ligase N-recognin box (UBR
box, amino acids 44-116) and a plant homeo-domain (PHD, amino
acids 132-188). Additionally, the C-terminus of UBR7 is highly
conserved across eukaryotes. The UBR7 UBR box does not bind
peptides mimicking substrates of other UBR box containing proteins
(Tasaki et al, 2009), suggesting that the UBR7 UBR box has evolved
a novel, currently uncharacterized function. PHDs recognize various
post-translationally modified states of histone H3 N-terminal tails.
For example, PHDs in ING1-5 bind di- and tri-methylated H3, while
PHDs in DNMT3L and AIRE bind monomethylated and unmodified
H3 tails (Mellor, 2006; Champagne & Kutateladze, 2009; Musselman
& Kutateladze, 2011; Bhushan et al, 2018). The PHD of UBR7 has
been implicated in binding histone H3 (Kleiner et al, 2018) and is
highly conserved from humans to S. pombe, suggesting that UBR7
has a critical role in cellular function through its histone binding
activity (Zimmerman et al, 2014).

Here, we demonstrate that UBR7 is a histone chaperone that
binds and modulates the supply of soluble, pre-existing, post-nucle-
osomal H3 histones. UBR7 is present in the nucleus and has been
proposed to act at chromatin (Foltz et al, 2006; Campos et al, 2015;
Ji et al, 2015; Lambert et al, 2015; Adhikary et al, 2019). Consistent
with this, we observe UBR7 bound to chromatin; however, the
majority of UBR7 is soluble and associated with non-nucleosomal
histone H3. We demonstrate that UBR7 binds to methylated histone
H3 tails dependent on both its UBR box and PHD. UBR?7 also associ-
ates with the histone chaperone NASP, and both NASP and UBR?7
bind to methylated post-nucleosomal histones. DNA replication
contributes to the pool of post-nucleosomal UBR7- and NASP-bound
histones. NASP-bound post-nucleosomal histones accumulate in the
absence of UBR7. The soluble, non-nucleosomal pool of histone H3
is increased in the absence of UBR7, as opposed to the non-nucleo-
somal histone loss observed after NASP depletion (Cook et al,
2011). Consistent with the increased H3K4me3 bound to NASP, we
observe that H3K4me3 is lost from transcriptional start sites (TSS)
that are bound by UBR7. Overall, our data suggest that NASP and
UBR?7 activities oppose each other to regulate the cellular level of
soluble post-nucleosomal histones, where UBR7 promotes the rein-
corporation of NASP-bound post-nucleosomal histone H3 complexes
into chromatin.

Results
UBR7 associates with histone H3.1

BioID proximity biotinylation was used to identify proteins associ-
ated with H3.1 in intact cells (Fig 1A) (Roux et al, 2012; Zasadzin-
ska et al, 2018). H3.1 was tagged with the promiscuous biotin ligase
BirA* and an HA tag to generate H3.1-BirA*-HA fusion protein.
BirA* mediates covalent attachment of biotin to lysine residues in
proteins both transiently and stably associated with H3.1-BirA*-HA.
H3.1-BirA*-HA localizes to the nucleus of transfected HelLa-T-REx
cells (Fig 1B). We confirmed that the localization pattern of overex-
pressed H3.1-BirA*-HA closely resembles that of endogenous
histone H3 (Fig 1C). After treatment with biotin for 6 h, we
observed extensive biotinylation of proteins in the pre-extracted
nuclei of H3.1-BirA*-HA cells, as visualized by staining with
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fluorophore-conjugated streptavidin. This staining is absent from
untreated H3.1-BirA*-HA cells and parental HeLa-T-REx cells treated
with biotin for 6 h (Fig 1B).

Proteins that interact with H3.1 in intact cells were identified by
isolating biotinylated proteins on streptavidin beads and analyzing
by immunoblot (Fig 1A). BioID identified the known H3.1 histone
chaperone ASF1 as abundantly labeled by H3.1-BirA*-HA (Fig 1D).
We and others have shown that UBR7 is co-purified with H3.1
(Foltz et al, 2006, 2009; Campos et al, 2015; Ji et al, 2015; Lambert
et al, 2015; Kleiner et al, 2018). Therefore, we determined whether
H3.1-BirA*-HA also biotinylated UBR7. Immunoblot using antibod-
ies against endogenous UBR7 showed that UBR?7 is biotinylated by
H3.1-BirA*-HA (Fig 1D), providing an orthogonal demonstration of
the interaction between UBR7 and histone H3.

The interaction between H3.1 and UBR?7 identified in the H3.1-
BirA*-HA BioID was confirmed using co-immunoprecipitation (co-
IP). UBR7-LAP and H3.1-TAP or the divergent, centromere-specific
H3 variant CENP-A-TAP, were transiently co-expressed, and the
TAP-tagged histones were purified from 293T cells. H3.1-TAP effi-
ciently co-purified UBR7-LAP (Fig 1E). CENP-A-TAP failed to
robustly co-purify UBR7-LAP (Fig 1E) demonstrating that the inter-
action with UBR7 is H3.1-specific. This is consistent with previous
purifications of CENP-A binding proteins, which did not identify
UBR?7 associated with CENP-A (Obuse et al, 2004; Foltz et al, 2006,
2009; Zasadzinska et al, 2018).

To address the binding of UBR7 to histone H3 further, we
compared the ability of H3.1 and the closely related variant H3.3 to
bind UBR7. We performed mass spectrometry (MS) of proteins co-
purified by H3.1-FLAG-HA and H3.3-FLAG-HA from the nucleoso-
mal fraction of 293T cells (Fig EV1A and B, Table EV1). H3.1-FLAG-
HA but not H3.3-FLAG-HA co-purified UBR7 from micrococcal
nuclease (MNase) liberated nucleosomal fractions (Fig EV1A and B,
Table EV1), which we confirmed by immunoblot (Fig EV1D and E).
However, both H3 variants bound non-nucleosomal UBR?7 (Fig
EV1F). To determine whether the single amino acid difference
between histone H3.1 and H3.3 (A31 versus S31) in the amino termi-
nus accounts for the inability of UBR7 to associate with H3.3 in chro-
matin, we tested the effect of amino acid swaps between H3.1 and
H3.3 at position 31 (H3.143'S-FLAG-HA and H3.3%*!'A-FLAG-HA) on
the ability of H3 to co-purify UBR7 (Fig EV1C). H3.1**'S-FLAG-HA
but not H3.3%*'A-FLAG-HA co-purified UBR? from nucleosomal frac-
tions, and both mutated variants bound non-nucleosomal UBR7 (Fig
EV1D-F). This demonstrates that the amino acid difference between
the H3.1 and H3.3 N-terminal tail does not account for the inability
of nucleosomal H3.3 to co-purify UBR7. Together, these data suggest
that the chromatin landscape of CENP-A and H3.3-containing chro-
matin is refractory to UBR7 binding, but that UBR7 can bind both
the histone H3.1 and H3.3 variants in non-nucleosomal contexts.

UBR7 exists in non-nucleosomal and nucleosome-bound pools

Having determined that UBR7 binds histone H3 (Figs 1 and EV1),
we next defined the subcellular localization of UBR7. Biochemical
fractionation was performed to estimate the relative abundance of
UBR7 between the non-nucleosomal and nucleosomal fractions in
human 293T cells (Fig 2A-C). A soluble, non-nucleosomal fraction
was obtained by brief centrifugation of cells following hypotonic
lysis in a low-salt, mild detergent containing buffer. The
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Figure 1. UBR?7 associates with histone H3.1.

The EMBO Journal

Parental
aH3 No 1°

HA Streptavidin

m
BR-Box

H3.1 or CENP-A

Input 1% TAP-IP
< <
o o
= 2 - =
WP 2 o 12 O |
ks 122 T s D —— — —aGFP(UBR?)
37 — N N _ §
== =CENP-A |aiga(TaP)

A Schematic representation of BiolD proximity biotinylation in Hela-T-REx cells stably expressing H3.1-BirA*-HA. Randomly cycling cells were treated with biotin to
label proteins proximal to nucleosomal (nucH3.1) or non-nucleosomal soluble (solH3.1). H3.1-BirA*-HA, and biotin-labeled proteins were purified on streptavidin-

conjugated beads.

B Representative images of parental cells or cells stably expressing H3.1-BirA*-HA after incubation with or without biotin as in (A). Coverslips were pre-extracted to
visualize chromatin-bound proteins. DNA is visualized via DAPI staining shown in blue, immunofluorescence for H3.1-BirA*-HA is shown in green, and biotinylated

proteins are shown in red. Scale bar = 5 um.

C Representative images of Hela cells pre-extracted as in (B). DNA is visualized as in (B), shown in cyan. Immunofluorescence for endogenous H3 is shown in green.

Scale bar = 5 pm.

D Immunoblot analysis of proteins biotinylated and isolated as in (A). Parental Hela-T-REx cells or cells expressing H3.1-BirA*-HA and treated with biotin for indicated

times.

E Immunoblot analysis of H3.1-TAP or CENP-A-TAP pulldown of UBR7-LAP (schematic, upper). 293T cells were co-transfected with UBR7-LAP and TAP-tagged constructs,

which were purified on 1gG-conjugated sepharose beads.

Source data are available online for this figure.

nucleosomal fraction was obtained by MNase digestion of remaining
pellet (Fig 2A). We compared dilutions of the whole cell extract,
non-nucleosomal, and nucleosomal fractions. The histone H3/H4
chaperone NASP was exclusively detected in the non-nucleosomal
fraction, and the histone H3/H4 chaperone ASF1 in both the non-
nucleosomal and nucleosomal fractions (Fig 2B), consistent with
previous studies (Groth et al, 2005, 2007; Cook et al, 2011; Campos
et al, 2015; Clement & Almouzni, 2015; Apta-Smith et al, 2018;

© 2021 The Authors

Dannah et al, 2018). We observed that ASF1 is enriched in the non-
nucleosomal fraction (Fig 2B). UBR?7 is highly enriched in the non-
nucleosomal fraction over the nucleosomal fraction (Fig 2B and C).
We estimated that UBR? is enriched in the non-nucleosomal fraction
over the nucleosomal fraction by 1-2 orders of magnitude (~50- to
100-fold) (Figs 2C and EV2A and B).

Pre- and post-nucleosomal H3/H4 histones exist as heterote-
tramers or heterodimers that exclude histones H2A and H2B (Luger
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Figure 2. UBR?7 exists in non-nucleosomal and nucleosome-bound pools.

A Schematic representation of cellular fractionation to generate non-nucleosomal and nucleosomal fractions. WCE: whole cell extract, NF1: nuclear fraction 1, NF2:

nuclear fraction 2.

B Representative immunoblot analysis of NASP, UBR7, and ASF1 distribution in cellular fractions. Relative loading factors are marked, e.g., 1%, 0.2x. Numbers below blot
indicate UBR7 immunoblot signal relative to 1x loading of non-nucleosomal fraction.

C Enrichment of non-nucleosomal:nucleosomal UBR7 as estimated from 5x, 10%, and 20x non-nucleosomal loading conditions in Fig 2B (see Fig EV2). Error bars
represent mean =+ standard deviation. A two-tailed one-sample t-test was used to calculate P-value (italics) associated with mean difference from a hypothetical

value of 1.0. Experiment in (B—C) was performed twice.

D Immunoblot of anti-FLAG IP of 3xFLAG-tagged GFP, or FLAG-HA-tagged H3.1 or H2B, from the non-nucleosomal fraction of 293T cells.

E Representative images of Hela cells transfected with UBR7-FL. DNA is visualized via DAPI staining shown in magenta and immunofluorescence for 3xFLAG is shown
in green. The area within yellow dotted box in (E) is magnified 4x in (E’). Scale bar = 5 um.

F Quantification of the nuclear anti-FLAG immunofluorescence intensity in (E). Error bars represent mean =+ standard deviation. One-way ANOVA was used to calculate
P-values (italics) associated with differences between treatments. Experiment in (E-F) was performed twice.

Source data are available online for this figure.

et al, 1997; Xu et al, 2010; Zee et al, 2010). Because the majority
of UBR7 is not chromatin bound, we hypothesized that UBR7
interacts with pre- or post-nucleosomal forms of histone H3. To
support this supposition, we determined whether UBR7 would
interact with non-nucleosomal H3.1 but not H2B. The ability of
FLAG-HA-tagged H3.1 or H2B to co-purify UBR7 or the histone
H3/H4 chaperone NASP from the non-nucleosomal fraction of
293T cells was tested. Consistent with previous work, NASP was
co-purified by H3.1-FLAG-HA but not H2B-FLAG-HA (Fig 2D)
(Wang et al, 2008; Bowman et al, 2017). As predicted, UBR7 was
co-purified by non-nucleosomal H3.1-FLAG-HA but not H2B-
FLAG-HA (Fig 2D).

4 of 24 The EMBO Journal ~ 40: €108307 | 2021

Subcellular localization of UBR7 was examined by immunofluo-
rescence (IF). HeLa cells were transfected with 3xFLAG-tagged
UBR7 (UBR7-FL). We observed by IF that UBR7-FL was enriched in
the nucleus as compared to the cytoplasm in HeLa cells, and in both
compartments has a punctal pattern (Fig 2E and E’). To confirm the
high solubility of UBR7 as observed by biochemical fractionation in
293T cells, we pre-extracted non-nucleosomal proteins from HeLa
cells with 0.1% Triton X-100 before fixation to visualize only chro-
matin-bound proteins by IF, as described previously (Moreno-
Moreno et al, 2006; Huang et al, 2019; Prendergast et al, 2020).
Pre-extraction significantly reduced the nuclear anti-FLAG UBR7-FL
signal (Fig 2E and F), again showing that the majority of UBR7 is

© 2021 The Authors
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soluble and non-nucleosomal. Endogenous UBR7 detected by IF in
straight-fixed or pre-extracted HeLa cells confirmed that, like UBR7-
FL, endogenous UBR? localizes to the nucleus and is largely non-
nucleosomal (Fig EV2C).

The UBR7 UBR box and PHD mediate binding to the histone H3.1
N-terminus

UBR7 contains two putative functional domains: the UBR box
(amino acids 44-116) and the PHD (amino acids 132-188). PHDs
have been shown to bind to histone H3.1 N-terminal tails (Mellor,
2006; Champagne & Kutateladze, 2009; Musselman & Kutateladze,
2011; Bhushan et al, 2018). To test whether UBR? interacts with the
H3.1 N-terminus, UBR7-LAP and H3.1-HA or a mutant in which the
first 38 residues of the N-terminus are deleted (H3.1*NT-HA) were
transiently co-expressed in 293T cells. Immunoprecipitated H3.1-HA
but not H3.1*NT-HA efficiently co-purified UBR7-LAP (Fig 3A). Both
full-length H3.1-HA and H3.1*NT-HA localize to the nucleus in tran-
siently transfected HeLa cells (Fig 3B), demonstrating that an inabil-
ity of H3.1°NT-HA to localize to the nucleus does not explain the
lack of binding between H3.1*N"-HA and UBR?. These data demon-
strate that the N-terminal tail of H3.1 is necessary for interaction
with UBR?. This is consistent with previous work that demonstrated
that the UBR7 PHD interacts with amino acids 1-21 of the N-termi-
nal tail of H3.1 in vitro (Kleiner et al, 2018).

In addition to the proposed functional UBR7 UBR box and UBR7
PHD, the C-terminus of UBR7 is highly conserved across evolution
(Fig EV3). We next asked if the UBR7 UBR box, PHD, or C-terminus
are necessary for binding of UBR7 to histone H3.1, by analyzing
UBR7 mutant constructs lacking the C-terminus (AC-term), the UBR
box (AUBR), the UBR box and PHD (AUBRAPHD), or the PHD and
C-terminus (APHDAC-term). We transiently co-transfected H3.1-HA
and full-length or mutant UBR7-FLAG constructs in 293T cells. Full-
length UBR7-FLAG efficiently co-purified H3.1-HA from 293T cells
lysates (Fig 3C). The AC-term and the AUBR UBR7 mutants were
able to bind to H3.1-HA, albeit with reduced efficiency compared to
full-length UBR7. Deletion of the PHD domain (AUBRAPHD,
APHDAC-term) completely abolished co-purification of H3.1-HA by
UBR?7, suggesting the PHD domain is essential for binding (Fig 3C).
From this, we could not conclude if the UBR7 PHD is sufficient for
histone H3.1 binding. To test if the PHD mediates interaction with
H3.1, we repeated the H3.1-HA IP with UBR7-LAP or the LAP tagged
UBR7™MP fragment alone. H3.1-HA efficiently co-purified full-length
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UBR7 and UBR7"™P (Fig 3D). Collectively, these data demonstrate
that the UBR7 PHD is sufficient to mediate the interaction between
UBR7 and the histone H3.1 N-terminus, although the UBR7 UBR
box and C-terminus also contribute to binding to H3.1-HA.

The UBR7 PHD and UBR box mediate binding to post-
nucleosomal H3.1

Knowing that the PHD of UBR7 mediates interaction with H3.1 (Fig
3), and that PHDs were previously reported to bind histone H3 tails
with specific PTMs, including H3K4me3, H3K9me3, or H3K36me3
(Musselman & Kutateladze, 2011), we determined if UBR7 depends
on H3.1 N-terminal tail PTMs for its interaction. We probed a
histone peptide array with purified His-MBP-UBR7 to identify
histone H3 N-terminal tail PTMs that are bound by UBR7. We
observed that His-MBP-UBR7 binds peptides bearing the single
modifications H3K4me2, H3K4me3, H3K9me2, and H3K9me3 but
not monomethylated, acetylated, or unmodified H3 peptides (Figs
4A and EV4A, Dataset EV1). Like other H3K9 binding proteins,
UBR? failed to bind the H3K9 methylated peptides when the adja-
cent S10 residue was phosphorylated (Rea et al, 2000; Chin et al,
2005; Fischle et al, 2005; Duan et al, 2008).

We confirmed our peptide microarray experiment using peptide
pulldowns of UBR7 from extracts of cells expressing endogenous
UBR7 containing an N-terminal GFP tag. Briefly, lysed 293T-GFP-
UBR? cells were incubated with biotin-conjugated peptides repre-
senting unmodified histone H3 or H4, or H3 bearing methylation at
H3K4 or H3K9 (Fig 4B). Streptavidin affinity purification of histone
peptides bearing the marks H3K4me2, H3K4me3, and H3K9me3 effi-
ciently co-purified GFP-UBR7, in contrast to H3K4mel or unmodi-
fied H3 and H4 peptides (Fig 4B), confirming that UBR7 binds to
histone H3 di- and tri-methylated at H3K4 or H3K9.

PHD domains contain an aromatic cage of residues that deter-
mine the specificity of PTM binding (Xu et al, 2014; Liu et al, 2016).
We used Phyre2 to predict the structure of the UBR7 PHD, and over-
layed the predicted structure with the PHD2 of BPTF, an H3K4me3
reader in the NURF complex (Li et al, 2006), as a reference (Fig 4C).
The UBR7 PHD aromatic cage residues Y134, Y141, W161, and
H163 are conserved with respect to those residues critical for BPTF
PHD2 binding to modified histones. We hypothesized that the UBR7
PHD aromatic cage residues are important for binding of UBR7
specifically to di- and tri-methylated H3 peptides. We repeated the
peptide pulldown experiment in 293T-GFP-UBR7 cells in which

Figure 3. The UBR7 UBR box and PHD mediate binding to the histone H3.1 N-terminus.

A Immunoblot analysis of anti-H3.1-HA pulldown of UBR7-LAP after deletion of H3.1 N-terminal tail (schematic, upper). 293T cells were co-transfected with UBR7-LAP
and HA-tagged constructs. Numbers below blot indicate HA-normalized anti-GFP immunoblot signal relative to full-length H3.1-HA.

B Representative images of Hela cells transfected with indicated constructs. DNA is visualized via DAPI staining shown in magenta and immunofluorescence for
endogenous H3 is shown in green. Scale bar = 10 um. Experiment was performed three times.

C Immunoblot analysis of anti-FLAG pulldown of full-length UBR7-FLAG (residues 1-425) or mutant UBR7 bearing deletion of UBR7 C-terminus (AC-term, residues 1—
215), UBR box (AUBR, residues 117-425), UBR box and PHD (AUBRAPHD, residues 216-425), or PHD and C-terminus (APHDAC-term, residues 1-116). 293T cells were
co-transfected with H3.1-HA and UBR7-FLAG constructs (schematic, upper). Asterisk represents non-specific band. Numbers below blot indicate FLAG-normalized

anti-HA immunoblot signal relative to full-length UBR7-FLAG.

D Immunoblot analysis of anti-H3.1-HA pulldown of full-length UBR7-LAP and UBR7""° fragment (residues 117-215) (schematic, upper). 293T cells were transfected as
in (A). Values below pulldown represent H3.1-HA-normalized GFP-UBR7 immunoblot signal relative to UBR7-FL. Data were acquired from a continuous membrane,
and the image is cropped to omit irrelevant samples. Numbers below blot indicate HA-normalized anti-GFP immunoblot signal relative to full-length UBR7-LAP.

Source data are available online for this figure.
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W161 or H163 of the PHD aromatic cage were mutated to alanine.
As opposed to full-length GFP-UBR7, the UBR7"1°'# and UBR7"163A
mutants were not co-purified by either H3K4me2 or H3K9me3
peptides (Fig 4D), demonstrating that these aromatic residues are
necessary for UBR7 binding to methylated H3. This finding is
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consistent with previously reported importance of the UBR7 PHD
aromatic cage for H3 binding in vitro (Kleiner et al, 2018).

To determine whether the interaction of UBR7 with modified
histones extends to endogenous modified histones in cultured cells,
we conducted IP of UBR7. As we demonstrate earlier, UBR7 is
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Figure 4. The UBR7 PHD and UBR box mediate binding to post-nucleosomal histone H3.1.

A Histone peptide array identified modified histone H3 N-terminal peptides bound by purified His-MBP-UBR7. Boxplots represent Z-scores of the local background
corrected peptide intensity values on the array. Box limits represent 250 and 75" percentiles. Whiskers extend to 1.5x the interquartile range. Experiment was
performed twice. Left: Peptides (un)modified at H3K4. Right: Peptides (un)modified at H3K9 and H3S10.

B Anti-GFP immunoblot analysis of streptavidin pulldown of biotin-conjugated H3 and H4 peptides following incubation with 293T-GFP-UBR7 cell lysate. HP1o serves

as a positive control for binding to H3K9me3.

C Predicted structure of UBR7 PHD (a.a.133-190) using Phyre2 (Kelley et al, 2015) overlayed on the BPTF PHD2 structure (RSCB PDB: 2F6N) as reference. UBR7 PHD
aromatic cage residues mutated in (D) and corresponding residues in BPTF PHD2 are labeled.
D Anti-GFP immunoblot analysis of streptavidin pulldown of the indicated biotin-conjugated H3 peptides following incubation with 293T-GFP-UBR7 cell lysate after

mutation of residues highlighted in (C).

E Immunoblot analysis for total and modified histones in anti-FLAG pulldown of constructs in (Fig EV4A) from soluble cellular fractions demonstrates that UBR7 UBR

box and PHD are necessary for binding to post-nucleosomal H3/H4.

F Quantification of the immunoblot data in (E). Immunoblot signals were normalized to anti-FLAG signal. Error bars represent mean =+ standard deviation. A two-tailed
one-sample t-test was used to calculate P-values (italics) associated with group means difference from a hypothetical value of 1.0 (represented by dashed line).

Experiment in (E-F) was performed twice.

G Schematic representation of proximity biotinylation in stable inducible H3.1-APEX2-3xFLAG cells. To perform proximity biotinylation with newly synthesized H3.1-APEX2-
3xFLAG, after doxycycline induction followed by washout, cells were immediately subjected to labeling reaction. To perform proximity biotinylation with pre-existing
H3.1-APEX2-3xFLAG, following washout cells were grown for 48 h before labeling reaction. Biotin-labeled proteins were purified on streptavidin-conjugated beads.

H Immunoblot analysis of streptavidin pulldown from proximity biotinylation described in (G). 4.5 h represent newly synthesized histones and 48 h represent pre-
existing histones. Wedge represents loading titration: 1x > 0.1x > 0.01x > 0.001x. All other lanes are loaded at 1x concentration.

| Quantification of anti-FLAG (H3.1-APEX2-3xFLAG) and anti-UBR7 immunoblot represented in (G-H). Lanes 8 and 11 were quantified. Immunoblot signals were
normalized to anti-FLAG signal. Error bar represents mean =+ standard deviation. A two-tailed one-sample t-test was used to calculate P-value (italics) associated
with group mean difference from a hypothetical value of 1.0 (represented by dashed line). Experiment in (G-1) was performed twice.

Source data are available online for this figure.

bound to histone H3 in non-nucleosomal fractions (Fig 2C). As
such, we tested the ability of 3xFLAG-tagged UBR7 (UBR7-FL) to co-
purify total histones and histones methylated at H3K4 and H3K9
from the non-nucleosomal fraction of 293T cells. Anti-FLAG IP of
transiently expressed UBR7-FL efficiently co-purified total H3 and
H4 (Fig 4E). Notably, UBR7-FL failed to co-purify histone H2B (Fig
4E), consistent with our finding that FLAG-HA-tagged non-nucleoso-
mal H3.1 but not H2B co-purifies UBR7 (Fig EV2C). Consistent with
our observation that UBR7-bound H3K4 and K3K9 methylated
peptides in vitro, the non-nucleosomal H3 histones that were bound
to UBR7 contained either K4me3 or K9me3 PTMs (Fig 4E).

Having demonstrated that the UBR7 PHD mediates binding to
exogenously expressed H3 in vivo and to modified H3 peptides
in vitro (Figs 3 and 4D), we predicted that this domain is necessary
for binding to non-nucleosomal endogenous modified histones
in vivo. We repeated the anti-FLAG IP from the non-nucleosomal
fraction of cells transfected with a 3xFLAG-tagged UBR7 mutant,
PHDA142-146, which eliminates amino acids 142-146 from the
aromatic cage of the UBR7 PHD (Fig EV4B). As expected, the
PHDA142-146 mutant was deficient for binding to all histone
species tested (Fig 4E and F). Loss of binding to all histone species
was also demonstrated with a UBR7 UBR box mutant, UBR-4A, in
which the metal-coordinating ions of the UBR7 UBR box were
mutated to alanine (Figs 4E and F, and EV4B). This is not due to a
mislocalization of the PHDA142-146 or UBR-4A mutants (Fig EV4C
and D), further suggesting that UBR7 nuclear enrichment is indepen-
dent of binding to histones (Figs 2E and F and EV4C and D).
Together, these data demonstrate that the UBR7 PHD and UBR?7
UBR box have evolved as critical domains, which mediate binding
of UBR7 to methylated histone H3.

It is notable that the non-nucleosomal histones bound by UBR7
bear H3K4me3 and H3K9me3 marks that are added to histones
within the context of the intact nucleosome and are absent from
pre-nucleosomal histones (Benson et al, 2006; Loyola et al, 2006).
Therefore, we surmise that UBR? interacts with pre-existing, evicted
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post-nucleosomal histones. To test whether UBR7 interacts with
pre-existing histones, we employed a proximity biotinylation
approach where histone H3.1 was tagged with APEX2, which medi-
ates covalent attachment of biotin-phenol to electron-rich residues
in proteins both transiently and stably associated with tagged H3.1,
and which features improved temporal resolution over BirA* (Hung
et al, 2016; Han et al, 2017). We expressed H3.1-APEX2-3xFLAG
(H3.1-APEX2) in human RPE cells under the control of a doxycy-
cline-inducible promoter. After a short pulse of doxycycline induc-
tion (3.5 h) and washout (1 h), proteins in the proximity of newly
synthesized H3.1-APEX2 were biotin-labeled. Newly synthesized
H3.1 is inserted into chromatin during S-phase (Ahmad & Henikoff,
2002; Tagami et al, 2004). Since the short timeframe of doxycycline
induction and washout (4.5 h) is a small fraction of the length of a
cell cycle (~48 h for RPE), the majority of newly synthesized H3.1-
APEX2 will not yet be deposited and therefore the labeled proteins
will largely represent those associated with pre-nucleosomal H3.1-
APEX2. We also chased cells for a full cell cycle (48 h) following
doxycycline induction and washout, then repeated biotin labeling of
proteins associated with pre-existing H3.1-APEX2. The proteins
labeled at this time will represent those associated with nucleoso-
mal H3.1-APEX2 in chromatin or with evicted post-nucleosomal
H3.1-APEX2 (Fig 4G). We observed extensive expression and
biotinylation in cells expressing H3.1-APEX2 4.5 and 48 h after
doxycycline induction, but not in parental cells treated with doxycy-
cline and biotinylation reagents or untreated RPE-H3.1-APEX2 cells
(Fig EV4E-G).

We purified biotin-labeled proteins from the 4.5 h (newly synthe-
sized histone) and 48 h (pre-existing histone) conditions on strepta-
vidin beads. Exogenously overexpressed histones are rapidly
degraded in yeast and human cells (Singh et al, 2009; Clement et al,
2018). Our experiments showed a similar effect, as we observed that
greater than ninety percent of H3.1-APEX2 was degraded over the 48
h chase (Fig 4H, lane 11 versus lane 8). As predicted, pre-existing
H3.1-APEX2 efficiently biotinylated UBR7 (Fig 4H, lane 11),

© 2021 The Authors
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supporting our hypothesis that UBR7 is associated with pre-existing
histones bearing the marks of evicted post-nucleosomal histones. We
also observed that UBR?7 is associated with newly synthesized H3.1-
APEX2 (Fig 4H, lane 7). By comparing the intensity of FLAG-normal-
ized anti-UBR7 immunoblot signals, we estimate that pre-existing
H3.1-APEX2 (48 h) bound ~25x more UBR7 than newly synthesized
H3.1-APEX2 (4.5 h, Fig 4I). This suggests that UBR7 preferentially
binds pre-existing as opposed to newly synthesized histones.

UBR7 bound to post-nucleosomal histone H3/H4 interacts
with NASP

We used BiolD proximity biotinylation coupled to mass spectrometry
to identify additional proteins associated with UBR7 in HeLa-T-REx
cells (Roux et al, 2012; Zasadzinska et al, 2018). We tagged UBR7
with the BirA* biotin ligase and an HA tag to generate UBR7-BirA*-
HA fusion protein. We confirmed expression of UBR7-BirA*-HA by
immunoblot (Fig 5A). After treatment with biotin for 16 h, we
observed extensive biotinylation of proteins in the nuclei of UBR7-
BirA*-HA cells, as visualized by staining with fluorophore-conjugated
streptavidin (Fig 5B). This staining is absent from untreated UBR7-
BirA*-HA cells and parental HeLa-T-REx cells treated with biotin (Fig
5B). The top two proteins enriched in UBR7-BirA*-HA BiolD were
UBR? itself and the non-nucleosomal histone H3/H4 chaperone NASP
(Fig 5C and Table EV4). Since both UBR7 and NASP bind to histone
H3/H4, we explored the UBR7-NASP interaction further.

We confirmed the binding of UBR7 to NASP by reciprocal IP in
cultured cells. We restricted our analysis of UBR7 and NASP interac-
tion to the non-nucleosomal fraction of 293T cells in which both
proteins are highly enriched (Fig 2B). NASP exists in two splice
isoforms in mammalian cells originally differentiated by their enrich-
ment in testicular (INASP) versus somatic (SNASP) tissue (Fig EV5)
(Richardson et al, 2000). Transiently transfected tNASP-FL or sNASP-
FL efficiently co-purified endogenous UBR7 (Fig 5D). Reciprocally,
transiently transfected UBR7-FL efficiently co-purified endogenous
sNASP. tNASP was not detected above background in UBR7-FL purifi-
cations (Fig 5E), which shows that UBR7 may preferentially associate
with the sNASP splice variant in 293T cells. Importantly, the UBR?7
PHDA142-146 mutant, which fails to bind non-nucleosomal histones
(Fig 4E and F), binds non-nucleosomal NASP (Fig 5E). We conclude
that UBR7 and NASP interact independently of the ability of UBR7 to
bind histones in the non-nucleosomal fraction of human cells.

NASP binds to histones bearing H4K5ac or H4K12ac, which are
associated with pre-nucleosomal histones (Benson et al, 2006;
Loyola et al, 2006; Campos et al, 2015), and to H3K4me3 and
H3K27me3 (Campos et al, 2015), which are associated with nucleo-
somal and post-nucleosomal histones (Loyola et al, 2006). UBR7
binds to post-nucleosomal histones bearing H3K4 or H3K9 tri-
methylation, which are acquired in chromatin (Loyola et al, 2006).
We therefore compared binding of UBR7 and sNASP to either newly
synthesized pre-nucleosomal histones bearing H4K12ac or pre-exist-
ing post-nucleosomal histones bearing H3K4me3 in the non-nucleo-
somal fraction of 293T cells. We immunoblotted anti-FLAG IPs of
UBR7-FL or sNASP-FL for total and modified H3 and H4. UBR7-FL
and sNASP-FL co-purified similar amounts of H3K4me3, but UBR7-
FL, in contrast to sNASP-FL, failed to co-purify H4K12ac (Fig 5F),
consistent with our observation that UBR7 preferentially binds pre-
existing histones (Fig 4H-I). We therefore conclude that non-
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nucleosomal UBR7-FL and sNASP-FL both associate with a pool of
post-nucleosomal histones marked by H3K4me3, but that SNASP-FL
associates with an additional, separate pool of pre-nucleosomal
histones bearing H4K12ac. We observed that sSNASP-FL co-purified
a greater amount of total non-nucleosomal H3 and H4 than did
UBR?7-FL (Fig SF). This likely reflects the additional pre-nucleosomal
H3/H4 histone pool bound by sNASP but not UBR7.

We performed anti-FLAG IF to determine the localization and
solubility of transiently transfected sNASP-FL in HeLa cells. Like
UBR7-FL (Fig 2E and F), sNASP-FL was enriched in the nucleus as
compared to the cytoplasm, had a punctal appearance, and was
highly susceptible to pre-extraction with 0.1% Triton X-100 (Fig 5G-
G’ and H). This is consistent with previous reports that SNASP is a
soluble non-nucleosomal histone chaperone (Cook et al, 2011;
Campos et al, 2015; Apta-Smith et al, 2018).

DNA replication contributes to UBR7- and sNASP-bound
post-nucleosomal histone populations

We next sought to determine the source of post-nucleosomal
histones bound by UBR7 and sNASP. Nucleosomal histones are
evicted from chromatin during DNA replication and gene transcrip-
tion (Gan et al, 2018; Petryk et al, 2018; Reveron-Gomez et al,
2018; Yu et al, 2018; Jeronimo et al, 2019; Torne et al, 2020). We
tested if these processes contribute to the pool of evicted post-nucle-
osomal histones bound by UBR7 and sNASP by IP of either non-
nucleosomal UBR7-FL or sNASP-FL from 293T cells following treat-
ment with DNA replication or transcription inhibitors. After DNA
replication inhibition with hydroxyurea or aphidicolin, there is less
H3K4me3 bound per UBR7-FL (Fig 6A and C) and sNASP-FL (Fig 6B
and D). These changes were not observed after inhibition of RNA
polymerases by either alpha-amanitin or triptolide (Fig 6A-D). The
effect on sNASP-bound histones is restricted to post-nucleosomal
H3K4me3 histones, as sNASP binding to newly synthesized
H4K12ac histones was unaffected by DNA replication or transcrip-
tion inhibition (Fig 6B and D). This indicates that replication is the
primary source of UBR7 and sNASP-bound post-nucleosomal
histones. This is consistent with a previous report, suggesting that
DNA replication contributes to the pool of sNASP-bound K4me3-
modified histone H3 (Campos et al, 2015).

UBR7 opposes stabilization of NASP-bound post-nucleosomal
histone H3

Previous work demonstrates that NASP promotes the stability of
non-nucleosomal H3/H4, such that depletion of NASP results in
loss of pre-nucleosomal H3/H4-bearing H4KS5/12ac (Cook et al,
2011). Having shown that UBR?7 interacts with NASP and post-
nucleosomal histones, we next asked if UBR7 loss would affect
steady-state non-nucleosomal H3 levels. In contrast to the loss of
non-nucleosomal H3 observed following knockdown of NASP
(Cook et al, 2011), UBR7 knockout (UBR7KO) cells have more
non-nucleosomal H3 compared to parental 293T cells (Fig 7A and
B). We hypothesized that UBR7 binding to NASP and histones
opposes histone buffering by NASP to promote loss of non-nucleoso-
mal H3 complexes and predicted that loss of UBR7 would stabilize
NASP-bound histones. To test this, we immunoprecipitated stably
expressed sNASP-FL from the non-nucleosomal fraction of parental
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Figure 5. UBR7 bound to post-nucleosomal histone H3/H4 interacts with NASP.

Representative images of parental cells or cells stably expressing UBR7 fused to BirA* ligase and HA tag (UBR7-BirA*-HA) after incubation with or without biotin. DNA is
visualized via DAPI staining shown in cyan, immunofluorescence for UBR7-BirA*-HA is shown in green, and biotinylated proteins are shown in red. Scale bar = 5 um.
Quantification of log, fold change and -log;o P-value of MS spectral counts from UBR7-BirA*-HA (heavy) compared to parental (light) cells. Positive log, fold changes
are presented. Full dataset displayed as inset bordered by dotted line. The two proteins most abundantly labeled by UBR7-BirA*-HA are UBR7 and NASP. Experiment

Immunoblot analysis of anti-FLAG IP. Cells were fractionated 72 h post-transfection, and 3xFLAG constructs were immunoprecipitated from non-nucleosomal fraction.
Immunoblot analysis of anti-FLAG IP. Immunoblot signals were normalized to anti-FLAG signal. Experiment was performed as in (D). Asterisk indicates non-specific
bands in input. Quantification appears on the right. A two-tailed one-sample t-test was used to calculate P-value (italics) associated with group mean difference

A Immunoblot analysis of parental Hela cells or cells expressing UBR7-BirA*-HA confirms specific expression of UBR7-BirA*-HA.
B
C
was performed twice.
D
E
from a hypothetical value of 1.0 (represented by dashed line). Experiment was performed twice.
F

Immunoblot analysis for total and modified H3 and H4 in anti-FLAG IP. Experiment was performed as in (D). Quantification appears on the left. Dot plot error bars

represent mean =+ standard deviation. Immunoblot signals were normalized to anti-H4 signal. A two-tailed one-sample t-test was used to calculate P-value
associated with group mean difference from a hypothetical value of 1.0. Experiment was performed twice.

G Representative images of Hela cells transfected with SNASP-FL. DNA is visualized via DAPI staining shown in magenta and immunofluorescence for 3xFLAG is shown
in green. The area within yellow dotted box in (G) is magnified 4x in (G'). Scale bar = 5 pm.

H Quantification of the nuclear anti-FLAG immunofluorescence intensity in (G) demonstrating that sNASP-FL is highly susceptible to pre-extraction with Triton X-100.
One-way ANOVA was used to determine P-values (italics) associated with differences between treatments. Error bars represent mean =+ standard deviation.

Experiment in (G—H) was performed twice.

Source data are available online for this figure.

or UBR7KO 293T cells. We did not observe significant changes in
sNASP-FL steady-state protein levels in UBR7KO versus parental cells
(Fig 7C and D). sNASP-FL co-purified greater amounts of post-nucleo-
somal (H3K4me3 and H3K9me3) histones in UBR7KO versus parental
293T cells (Fig 7C and D), suggesting that UBR7 antagonizes non-
nucleosomal histone stability promoted by sNASP.

UBR7 does not promote degradation of SNASP-bound histones

Previous work suggests that in the absence of NASP, non-nucleoso-
mal H3/H4 histones are degraded through chaperone-mediated
autophagy (CMA) (Cook et al, 2011). To test the idea that the accu-
mulation of sNASP-bound post-nucleosomal H3 in the absence of
UBR7 is because UBR7 promotes degradation of sNASP-bound
histones, we repeated IP of sSNASP-FL from the non-nucleosomal frac-
tion of 293T cells following inhibition of CMA or the proteasome by
targeting the lysosomal adaptor LAMP2A with siRNA (Fig 8A and B)
or treating cells with MG132, respectively. We did not observe an
accumulation of sSNASP- or UBR7-bound post-nucleosomal H3K4me3
after inhibition of CMA or the proteasome (Fig 8C-E). This suggests
that the accumulation of sNASP-bound histones in the absence of
UBR?7 is not due to a failure to degrade sSNASP-bound histones.

UBR7 promotes reincorporation of H3K4me3 into chromatin

In order to determine whether the accumulation of sNASP-bound
post-nucleosomal histones in the absence of UBR7 results from a
cessation of histone reincorporation, we assessed changes in chro-
matin accessibility and the levels of H3K4me3 at sites bound by
UBR?7. We first performed ChIP-seq for GFP-UBR7 in 293T cells and
found that GFP-UBR7 peaks are enriched at promoters and tran-
scription start sites (promoter-TSS), followed by introns, and then
intergenic regions (Figs 9 and EV6A-C, Table 1). ATAC-seq analysis
was conducted in parental and UBR7KO 293T cells (Fig 9). To focus
on sites related to UBR7 function, and because we observed that a
large proportion of GFP-UBR? peaks are associated with a promoter-
TSS (Table 1), we visualized changes in ATAC-seq signal in
UBR7KO versus parental 293T cells centered on TSS where changes
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in accessibility were observed in the absence of UBR7 (Fig 9A and
B). Unsupervised K-means analysis separated the data into 4 clus-
ters with differing patterns of chromatin accessibility changes rela-
tive to the TSS. Chromatin accessibility at the TSS increases in
cluster 1 and decreases in cluster 4 (Fig 9A and B) in UBR7KO
versus parental 293T cells. These changes center on the TSS. In clus-
ter 2, chromatin accessibility increases downstream of the TSS and
decreases upstream of the TSS in the absence of UBR7, and vice
versa in cluster 3 (Fig 9A and B). We centered GFP-UBR7 ChIP-seq
data on these same TSS and observed that the pattern of GFP-UBR7
binding mirrors that of chromatin accessibility gains in UBR7KO
versus parental cells in clusters 1-3 (Figs 9A and B, and EV7).

Based on the interaction of UBR7 with H3K4me3 and the increase
of sSNASP-bound H3K4me3 in UBR7KO versus parental 293T cells,
we assessed whether UBR? function affects the degree of H3K4me3
at sites with changes in chromatin accessibility.

H3K4me3 levels were assessed by CUT&RUN for H3K4me3 using
independent anti-H3K4me3 antibodies in UBR7KO and parental
293T cells (Figs 9, EV6D and E, and EV7). The parental H3K4me3
signal was centered on the TSS in clusters 1-4 described above.
We observed the typical enrichment of H3K4me3 around the TSS,
with a greater enrichment immediately downstream of the TSS
relative to upstream of the TSS (Figs 9A and C and EV6E) (Koch
et al, 2007; Reveron-Gomez et al, 2018). H3K4me3 signal in
UBR7KO versus parental cells at these same sites showed H3K4me3
levels are reduced over the TSS in the absence of UBR7 (Figs 9 and
EV6D and E). GFP-UBR7 binding, local enrichments of H3K4me3,
and changes in chromatin accessibility and H3K4me3 levels in the
absence of UBR7 are spatially correlated (Fig EV7). Specifically, in
cluster 2, H3K4me3 levels are higher downstream of the TSS than in
clusters 1, 3, and 4, and GFP-UBR?7 binding and gains in chromatin
accessibility in the UBR7KO occur downstream of the TSS (Figs 9A
and B, and EV7). Furthermore, the loss of H3K4me3 downstream of
the TSS is greater in cluster 2 than clusters 1, 3, and 4. A similar corre-
lation occurs upstream of the TSS in cluster 3, where GFP-UBR? bind-
ing and gains in chromatin accessibility in the UBR7KO occurs
upstream of the TSS, and H3K4me3 loss upstream of the TSS is greater
in cluster 3 than clusters 1, 2, and 4 (Figs 9A and B, and EV7). Across
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Figure 6. Replication contributes to sNASP and UBR7-bound post-nucleosomal histones.

A B

Immunoblot analysis for modified histone in anti-FLAG pulldown of UBR7-FL (A) or SNASP-FL (B) from non-nucleosomal fractions of untreated cells or cells treated

with DNA replication inhibitors (hydroxyurea, aphidicolin) or transcription inhibitors (a-amanitin, triptolide).

CD

Plots represent either normalized immunoblot signals from (C) UBR7-FL or (D) SNASP-FL immunoprecipitation or cell counts prior to fractionation. Immunoblot

signals were normalized to anti-FLAG signal. Error bars represent mean =+ standard deviation, with gray dotted line marking mean of No Treat condition. A two-
tailed one-sample t-test was used to calculate P-values (italics) associated with group means difference from a hypothetical value of 1.0. Experiments were
performed three times. Cells numbers were counted in two of the three experiments.

Source data are available online for this figure.

clusters 1-4, we did not observe trends of changes in steady-state
RNA levels in UBR7KO versus parental cells by RNA-seq (Fig EVGF
and G). Importantly, the enrichment in H3K4me3 and changes in
H3K4me3 levels in the absence of UBR7 are enriched at GFP-UBR7-
bound TSS relative to all other TSS (Figs 9C and D, and EVGE).

Discussion

Histone chaperones regulate the stability of histones upstream of
histone nuclear import and deposition into chromatin, during chro-
matin-based processes such as gene transcription and DNA replica-
tion, and downstream of histone eviction from chromatin (Campos
et al, 2010, 2015; Alabert et al, 2017; Lai & Pugh, 2017; Kobayashi &
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Kurumizaka, 2019). When histones are evicted from chromatin, possi-
ble outcomes include histone storage in a soluble non-nucleosomal
reservoir, degradation, or reincorporation into nucleosomes in chro-
matin (Cook et al, 2011; Gan et al, 2018; Petryk et al, 2018; Yu et al,
2018; Jeronimo et al, 2019; Torne et al, 2020; Hogan & Foltz, 2021).
Here, we characterize UBR7 as a chaperone of post-nucleosomal
H3.1/H4 histone complexes. We show that UBR7 is enriched in the
nucleus of human cells, but while it is bound to intact chromatin,
UBR? is largely non-nucleosomal. This is consistent with other work
demonstrating binding of UBR7 to both chromatin-derived nucleoso-
mal and nuclear soluble non-nucleosomal H3 (Campos et al, 2015; Ji
et al, 2015; Kleiner et al, 2018). UBR?7 reportedly has multiple func-
tions in human cells. In mammary epithelial cells, the UBR7 PHD has
been proposed to function as an H2B monoubiquitin ligase (Adhikary

© 2021 The Authors
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Figure 7. UBR7 opposes stabilization of NASP-bound post-nucleosomal histone H3.

A Immunoblot analysis of histone H3, UBR7, and GAPDH in the non-nucleosomal fraction of parental and 293T-UBR7KO cells.
B Quantification of anti-histone H3 immunoblot represented in (A). Immunoblot signals were normalized to anti-GAPDH signal. Error bars represent mean =+ standard
deviation. A two-tailed one-sample t-test was used to calculate P-value (italics) associated with group mean difference from a hypothetical value of 1.0 (represented

by dashed line). Experiment was performed three times.

fraction. Experiment was performed three times.

Immunoblot analysis of anti-FLAG pulldown of SNASP-FL in parental or 293T-UBR7KO cells. 3xFLAG-tagged sSNASP-FL was immunoprecipitated from non-nucleosomal

Quantification of anti-FLAG (SNASP-FL), and anti-histone immunoblots represented in (C). Immunoblot signals were normalized to anti-FLAG signal. Error bars

represent mean =+ standard deviation. A two-tailed one-sample t-test was used to calculate P-values (italics) associated with group means difference from a
hypothetical value of 1.0 (represented by dashed line). Experiments were performed two (SNASP, H4) to three (all other targets) times.

Source data are available online for this figure.

et al, 2019), and treatment with the anti-cancer drug asukamycin
enhances or induces interaction between UBR7 and pS53, which
promotes apoptosis (Isobe et al, 2020). Here, we demonstrate that
the UBR7 UBR box and UBR7 PHD mediate binding to the N-terminal
tail of histone H3 bearing marks H3K4me2/3 and H3K9me3 in the
non-nucleosomal fraction of human cells. We did not observe binding
of UBR7 to H2B in asynchronous 293T cells, which is consistent with
a majority of UBR7 being associated with a non-nucleosomal popula-
tion of histone H3. As these marks are catalyzed in chromatin (Ben-
son et al, 2006; Loyola et al, 2006; Hyun et al, 2017), these represent
pre-existing, evicted post-nucleosomal histones.

We characterize UBR? as a binding partner of the histone chaper-
one NASP. Using an unbiased BioID approach and reciprocal co-IP,
we showed that UBR7 interacts with NASP in the non-nucleosomal

© 2021 The Authors

fraction of 293T cells. Our work and the work of others provides
substantial evidence for stable binding of UBR? to histone H3 (Foltz
et al, 2006, 2009; Campos et al, 2015; Ji et al, 2015; Lambert et al,
2015; Kleiner et al, 2018). We demonstrated that replication is a
source of both UBR7- and NASP-bound post-nucleosomal histones.
This is consistent with previous work, demonstrating that replica-
tion is a source of NASP-bound histones, that the association
between non-nucleosomal H3.1 histones and either UBR7 or NASP
increases during S-phase, and that NASP binds non-nucleosomal
H3/H4 and buffers the cell against free histone oversupply in the
context of replication stress (Cook et al, 2011; Campos et al, 2015).
We propose the histone chaperone functions of NASP and UBR7 are
important for regulating the post-nucleosomal histone supply during
replication. We observe that both UBR7 and NASP bind to post-
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Figure 8. Inhibition of degradation does not cause accumulation of UBR7 or sNASP-bound post-nucleosomal histones.

A

Changes in LAMP2A expression. RT-qPCR was performed to detect Actin and LAMP2A mRNA following treatment with siCTRL or siLAMP2A in sNASP-FL and UBR7-FL

293T cells. Gray dotted line represents expression level in siCTRL treatment. Error bar represents mean =+ standard deviation. A two-tailed one-sample t-test was
used to calculate P-values (italics) associated with group means difference from a hypothetical value of 1.0. Experiment was performed twice.

Immunoblot for LAMP2A in parental 293T cells or cells expressing UBR7-FL (left) or SNASP-FL (right) following treatment with siCTRL, siLAMP2A, or MG-132.

C,D Immunoblot for total and modified histones following anti-FLAG IP from the non-nucleosomal fraction of SNASP-FL (C) or UBR7-FL (D) expressing 293T cells treated

with siCTRL, siLAMP2A, or MG-132.

Quantification of data represented in (C, D). Error bars represent mean =+ standard deviation. A two-tailed one-sample t-test was used to calculate P-values (italics)

associated with group means difference from a hypothetical value of 1.0 (represented by dashed line). Experiments in (C—E) were performed three times.

Source data are available online for this figure.

nucleosomal H3K4me3 histones, but only NASP binds to pre-nucle-
osomal H4K12ac histones. sNASP binds histones in the absence of
UBR?7, demonstrating that sNASP exists in complex with histones
independently of UBR7. Furthermore, we observe that UBR7 binds
histone tail peptides in the absence of NASP. It is likely that

subcomplexes of UBR7 and sNASP bound to post-nucleosomal
histones exist.

We demonstrate that UBR7 functions to modulate the supply of
post-nucleosomal H3K4me3 histones. In the absence of NASP, non-

nucleosomal H3 is lost (Cook et al, 2011). In contrast, we

Figure 9. Chromatin accessibility is altered and H3K4me3 is decreased at TSS bound by GFP-UBR7 in UBR7KO 293T cells.

A Heatmaps of ATAC-seq, anti-GFP (GFP-UBR7) ChIP-seq, and anti-H3K4me3 CUT&RUN in parental and UBR7KO cells. Plots are centered on TSS that show changes
in ATAC-seq signal in UBR7KO versus parental cells. Sites are clustered by unsupervised K-means analysis. Cluster color key is defined by cluster labels.

B Representative genome track examples of clusters 1-4 as defined in (A). Antibody 1 H3K4me3 data are shown.

C,D Metaplots (left) of mean values per bin centered on all TSS, TSS not bound by GFP-UBR7, and GFP-UBR7-bound TSS. Dot plots (right) represent H3K4me3 (Antibody
1) from parental 293T cells (C) or loss of H3K4me3 in UBR7KO versus parental cells (D). Box limits represent 25" and 75 percentiles. Whiskers extend to 1.5x the
interquartile range. Outliers are represented as black dots. A Kruskal-Wallis multiple comparisons test with Dunn post-hoc test was used to calculate Benjamini-
Hochberg adjusted P-values (italics). Values P < 0.05 are pictured. Experiment was performed with two independent anti-H3K4me3 antibodies (see also data for

Antibody 2 in Fig EV6E).
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Table 1. Homer analysis of GFP-UBR7 ChIP-Seq peaks.

Feature % GFP-UBR7 peaks
Promoter-TSS 42.4
Intron 247
Intergenic 14.7
Exon 71
SUTR 6.2
Non-coding 24
TTS 18
3'UTR 0.6

demonstrated that in the absence of UBR7, the non-nucleosomal H3
pool increases, and sNASP-bound post-nucleosomal histones accu-
mulate. This could be due to either changes in degradation or rein-
corporation into chromatin of sNASP-bound post-nucleosomal
histones. Inhibition of CMA or the proteasome, both of which have
been shown to influence histone stability, did not result in the

Parental 293T .
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accumulation of sNASP-bound H3K4me3, as observed in UBR7KO
cells, suggesting that UBR7 does not promote degradation of sSNASP-
bound histones. Rather, UBR7-bound TSS are more highly enriched
for H3K4me3 than all other TSS, and loss of UBR7 leads to a reduc-
tion in nucleosomal H3K4me3 and changes in chromatin accessibil-
ity at these sites. These changes are spatially correlated upstream
and downstream of the TSS. The observed changes in the chromatin
landscape in the absence of UBR7 are not correlated with changes in
steady-state RNA levels. In UBR7KO cells, we observed loss of
H3K4me3 both in clusters which gained or lost chromatin accessibil-
ity. This suggests that while H3K4me3 levels and UBR7 occupancy
may influence where changes in chromatin accessibility take place,
secondary factors may influence whether chromatin accessibility
increases or decreases in the absence of UBR7. Together, these data
support a model in which UBR7 promotes the reincorporation of
sNASP-bound post-nucleosomal tri-methylated histone H3 into chro-
matin. In the absence of UBR7, these histones remain sequestered in
a stable sNASP-bound non-nucleosomal reservoir and the chromatin
becomes depleted of H3K4me3 preferentially at sites normally
bound by UBR? (Fig 10).

UBR7KO 293T

Increased total

‘@N-NUCLEOSOMAL
ERACTION® @\ 10n-nucleosomal H3

K4/9me3 Increased
SNASP-bound
H3K4me3
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Figure 10. UBR7 promotes redeposition of SNASP-bound post-nucleosomal H3K4me3.

Model of UBR7 function. In the absence of UBR7, SNASP-bound H3K4me3 is not deposited, and total non-nucleosomal H3 and sNASP-bound H3K4me3 accumulate,

leading to depleted H3K4me3 at UBR7 binding sites in chromatin.
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In general, the pathways which chaperone and govern the stabil-
ity of post-nucleosomal histones are less well characterized than the
pathways which chaperone pre-nucleosomal histones and nucleoso-
mal histones during chromatin-based processes including DNA
replication. The UBR7-NASP histone chaperone axis specifies a
previously unidentified pool of post-nucleosomal histones that are
defined by N-terminal di- and tri-methylation bound by UBR7. UBR7
is a unique histone chaperone in its binding preference for post-
nucleosomal histones and its preference for binding to histones
based on specific N-terminus PTMs. This work provides new insight
into regulation of the post-nucleosomal histones through interac-
tions between histones and the histone chaperones NASP and
UBR?7.

Materials and Methods
Cell culture and stable cell lines

293T, HeLa, and RPE lines and cells derived from these parental
lines were grown in DMEM with 10% fetal bovine serum (FBS
Optima, Atlanta Biologicals) and 1% Pen/Strep in a 37°C incubator
with 5% CO,. Parental cell lines used in this study were gifts from
the D. Cleveland laboratory. Cell lines tested negative for myco-
plasma. Cell lines were validated using NGSCheckMate (Lee et al,
2017).

The HeLa H3.1-BirA*-HA cell line was derived as described
previously (Zasadzinska et al, 2018).

The GFP tagged UBR7 cell line was generated using CRISPR/
Cas9-mediated homology directed repair. UBR7-sgRNA1 (Table
EV2) that targets the N-terminus of UBR7 gene was cloned into
pX330-U6-Chimeric_BB-CBh-hSpCas9 plasmid (Addgene #42230)
(Cong et al, 2013) and used to make a double-stranded break. For
GFP tagging, the linear repair PCR product was generated from a
template plasmid containing GFP and using primers GFP-UBR7-Fwd
and GFP-UBR7-Rev (Table EV2) that included a 50 bp UBR7 homol-
ogy region. The primers were phosphorothioate modified at the 5’
two linkages to increase the stability of the PCR product in the cell.
CRISPR/Cas9 plasmid (1 pg) and gel-purified linear repair PCR
product (400 ng) were co-transfected in 293T cells using Lipofec-
tamine 2000 reagent (Thermo Fisher Scientific 13778150) according
to manufacturer protocol. Three days post-transfection, the cells
were expanded to a 10-cm plate. Individual GFP-positive colonies
were hand-picked following sorting by flow cytometry. The GFP
integration was confirmed by immunoblotting using anti-GFP anti-
body and anti-UBR7 antibody (Table EV3). Genomic integration of
GFP was also confirmed by genomic PCR and sequencing.

The doxycycline-inducible RPE1"TERT H3.1-APEX2-3xFLAG and
the 293T sNASP-FL lines were generated by viral transduction.
Lentivirus was produced by transfecting 3 10° 293T cells on a 10-
cm plate using 12 pg of lentiviral transfer plasmid encoding H3.1-
APEX2-3XFLAG or SNASP-3xFLAG (sNASP-FL), 6 ug of psPAX2 2"
generation viral packaging vector (Addgene #12260), and 3 pg
pMD2.G viral envelope vector (Addgene #12259) with Lipofec-
tamine 3000 (Life Technologies). After 18 h, the culture medium
was replaced. Virus-containing media was collected 48 and 72 h
post-transfection, pooled, passed through a 0.45-uM SFCA syringe
filter, and stored at —80°C. In order to make stable 293T and RPE

© 2021 The Authors
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cell lines, cells were transduced 5-18 h at an MOI of 0.3-0.5 in
culture medium supplemented with 8 pg/ml polybrene. Transduced
RPE cells were selected 48 h post-transduction in 10 pg/ml puro-
mycin DMEM for 5 days. Transduced 293T cells were selected 48 h
post-transduction by treatment with 1 pg/ml puromycin for 96 h.
Doxycycline-inducible expression of H3.1-APEX2-3xFLAG or consti-
tutive expression of sSNASP-FL was confirmed by immunoblot and
immunofluorescence using anti-FLAG antibody (Table EV3).

Generation of UBR7KO1 293T clonal cells using UBR7-sgRNA2
(Table EV2) was previously described (Srivastava et al, 2021).

Generation of UBR7KO2 clonal cells was as described for GFP-
UBR7 cells, but using a PCR donor insert encoding a puromycin-
stop-polyA cassette generated using primers Puro-UBR7-Fwd and
Puro-UBR7-Rev (Table EV2).

BiolD and mass spectrometry

SILAC and BioID experiments were performed and biotinylated
proteins purified as previously described (Zasadzinska et al, 2018).
Mass spectrometry and protein identification were conducted as
previously described (Hickox et al, 2017). Briefly, Log, fold ratios
were calculated from heavy versus light total spectral counts.
Results were filtered against a list of common contaminants in BiolD
experiments performed in HeLa cells derived from the CRAPome
database (Mellacheruvu et al, 2013). Filtered contaminants were
selected based on Z-scores > 2 and their occurrence in 90% of BioID
experiments.

Immunofluorescence

Cells were plated in culture medium on coverglass (Fisher Scientific
12-545-81) pre-coated with 0.1% poly L-lysine (Sigma Aldrich
P8920-100ML). Visualization of H3.1-BirA*-HA, UBR7-BirA*-HA,
and biotin-labeled proteins was performed as described (Zasadzin-
ska et al, 2018). tNASP-FL, sNASP-FL, and UBR7-FL were visualized
in transiently transfected HeLa cells. 24 h post-transfection, cells
were washed once with PBS, fixed in 4% formaldehyde in PBS for
10 min, and quenched with 0.1 M Tris—HCl (pH8.0). To visualize
chromatin-bound proteins, cells were pre-extracted with 0.1%
Triton X-100 in PBS for 3 min prior to formaldehyde fixation
(Moreno-Moreno et al, 2006; Huang et al, 2019; Prendergast et al,
2020). For visualization of H3.1-APEX2-3XxFLAG or biotin-labeled
proteins, cells were fixed as described above, excluding pre-extrac-
tion, either 4.5 or 48 h after beginning of doxycycline pulse. Fixed
cells were incubated in blocking buffer (0.1% Triton X-100, 2%
FBS, 1.6 mg/ml BSA in PBS) for 1 h at room temperature and incu-
bated with indicated primary antibodies or Cy3-streptavidin (Table
EV3) in blocking buffer for 1 h. After washing in PBS supplemented
with 0.1% Triton X-100, cells were incubated with Cy3- or FITC-
conjugated secondary antibodies (Table EV3) at 1:1,000 for 1 h at
room temperature. Following washing, cells were incubated with
0.2 pg/ml DAPI in PBS for 5 min, washed, and mounted on glass
slides with Prolong Gold (Thermo Fisher Scientific P36930). Confo-
cal imaging was conducting using a Zeiss LSM800 microscope with
a 63x objective. All comparative images were collected under identi-
cal imaging parameters. Nuclear immunofluorescence signals were
quantified as integrated pixel density from DAPI-defined nuclear
regions of interest in Fiji.
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Plasmids and transfection

TAP-tagged constructs were previously described (Foltz et al, 2006).
HA-tagged histone H3.1 and tailless mutant were generated using a
destination vector provided by the Stukenberg lab and either H3.1-F
or H3.1-tailless-F and common H3.1-R primers (Table EV2). His-
MBP tagged full-length UBR7 was generated by LR reaction using
pDESTS566 (Addgene #11517) destination vector. UBR7-LAP and
various truncation mutants were created using gateway cloning into
the LAP tag vector (Addgene #67618) containing eGFP and S-tag.
UBR7-FLAG and various truncation mutants were previously
described (Srivastava et al, 2021). To generate UBR7-3xFLAG
(UBR7-FL), UBR7 and 3xFLAG sequences were PCR amplified from
UBR7 and 3xFLAG expression constructs using primers UBR7-FL-
Fwdl/UBR7-FL-Revl (UBR7) and UBR7-FL-Fwd2/UBR7-FL-Rev2
(3XxFLAG) (Table EV2). The PHDA142-146 mutant insert was ampli-
fied using primers UBR7-FL-Fwdl/PHDA142-146-Revl and
PHDA142-146-Fwd2/UBR7-FL-Rev2 (Table EV2). The UBR-4A
mutant insert was amplified using primers UBR7-FL-Fwdl/UBR-4A-
Revl and UBR-4A-Fwd2/UBR7-FL-Rev2 (Table EV2). The amplified
and purified PCR fragments were cloned into EcoRV-digested pLenti
CMYV Puro DEST (w118-1) (Addgene # #17452) using NEBuilder HiFi
DNA Assembly (NEB) according to manufacturer protocol. Gateway
APEX2-3xFLAG destination vector was produced by NEBuilder HiFi
DNA Assembly using Sall/Agel digested pCW57.1(Addgene #41393),
and a synthetic gBlock of the APEX2-3XxFLAG sequence (Hung et al,
2016) flanked by overlaps upstream to the Sall and downstream to
the Agel site of pCW57.1 (Table EV2). H3.1-APEX2-3xFLAG was
produced through Gateway LR reaction of Histone H3.1A entry clone
(ORFeome v5.1) with our APEX2-3xFLAG destination plasmid.
Expression constructs of sNASP-3xFLAG (sNASP-FL) and tNASP-
3xFLAG (tNASP-FL) were generated through gateway LR reactions of
destination  vector pCSF107mT-GATEWAY-3’-FLAG  (Addgene
#67619) with entry clones sNASP (ORFeome v5.1) and tNASP
(DNASU HsCD00042292), respectively. Then, to generate lentiviral
expression constructs, overlapping PCR fragments were generated
from sNASP-3xFLAG and tNASP-3xFLAG expression constructs using
PCR primers s/tNASP-FLAG-F and s/tNASP-FLAG-R (Table EV2) and
cloned into EcoRV-digested pLenti CMV Puro DEST (w118-1)
(Addgene #17452) using NEBuilder HiFi DNA Assembly (NEB).
Unless otherwise described, plasmids were transfected using Lipofec-
tamine 2000 or 3000 (Thermo Fisher Scientific 13778150 or
L3000015).

Whole cell immunoprecipitation and immunoblotting

For confirmation of UBR7 association with histone H3.1, 293T cells
were co-transfected with full-length UBR7-LAP or indicated trunca-
tion mutants and with TAP- or HA-tagged histone H3.1 (H3.1-TAP,
H3.1-HA) or indicated mutant or TAP-tagged CENP-A (CENP-A-
TAP). 24 h post-transfection, cells were lysed in RIPA buffer (50
mM Tris (pH 7.5), 150 mM NaCl, 1% NP40, 1 mM EDTA, Deoxy-
cholic acid 0.3%, 0.15% SDS, 10% glycerol and protease and phos-
phatase inhibitors) for 30 min. The lysate was clarified by
centrifugation for 30 min at 4°C at maximum speed and pre-cleared
with Gammabind Sepharose beads for 1 h. The antibody conjugated
(anti-HA or IgG, Table EV3) Gammabind Sepharose beads were
blocked by 1 mg/ml BSA in RIPA buffer for 45 min. The beads were

18 of 24 The EMBO journal ~ 40: €108307 | 2021

Ann K Hogan et al

incubated with pre-cleared lysate overnight at 4°C. The immune
complex was recovered with Gammabind Sepharose beads, and the
beads were washed 3x in RIPA buffer. Laemmli buffer was added to
the beads, and purified proteins were eluted by heating at 95°C for 5
min. Anti-GFP and anti-HA antibodies were used for immunoblot-
ting (Table EV3). Purification of FLAG-tagged full-length and mutant
UBR7-FLAG constructs in cells co-transfected with H3.1-HA was
performed as described previously (Srivastava et al, 2021). The
indicated antibodies were used for immunoblotting (Table EV3).
The integrated pixel density of all immunoblot signals was quanti-
fied in Fiji.

Cellular fractionation, immunoprecipitation, and immunoblotting

For determining subcellular distribution of UBR7, cells were frac-
tionated as described previously (Herz et al, 2014). Briefly, cells
were lysed by incubation with cold, hypotonic Buffer A (10 mM
HEPES-KOH, pH 7.9, 10 mM KCl, 1.5 mM MgCl,, 340 mM sucrose,
10% glycerol, 0.2% Triton X-100, 10 mM Sodium Butyrate, and 1x
Protease inhibitor cocktail [Cat# 8340, Sigma-Aldrich]) for 10 min,
followed by centrifugation for 3 min, 1,300 g at 4°C. After collection
of the supernatant containing soluble non-nucleosomal proteins,
remaining nuclei were further purified over a sucrose cushion (10
mM HEPES-KOH, 30% sucrose, 1.5 mM MgCl,, 10 mM sodium
butyrate), then incubated with 5 10° U/ml MNase (New England
Biolabs M0247S) in Buffer A supplemented with 1 mM CaCl, for 15
min in a 37°C water bath. After addition of Stop Buffer (2 mM
EGTA, 1 mM EDTA, 90 mM KCI, 0.1% Triton X-100), cells were
incubated on ice 10 min, then centrifuged for 20 min, 20,000 g at
4°C. The supernatant containing MNase-liberated nucleosomal
proteins was collected. To assess binding of non-nucleosomal
proteins to stably expressed sNASP-FL or transiently transfected (72
h) tNASP-FL, sNASP-FL, or UBR7-FL and mutants, cells were frac-
tionated as described. The non-nucleosomal fraction was incubated
with Pierce Anti-DYKDDDDK magnetic agarose (PIA36797, Fisher
Scientific) overnight at 4°C. The recovered complexes and magnetic
agarose were washed 4x in Wash Buffer (50 mM HEPES-KOH, pH
7.9, 0.1 M KCl, 50 mM NaCl, 10% glycerol, 1 mM EDTA, 2 mM
EGTA, 0.1% Triton X-100, 10 mM sodium butyrate), and recovered
complexes were eluted with 200 pg/ml 3xFLAG peptide (F4799,
Sigma Aldrich) in Elution Buffer (20 mM HEPES-KOH, pH 7.9, 0.1 M
NaCl, 10 mM sodium butyrate) for 20 min on ice. To inhibit DNA or
RNA polymerases stably expressed UBR7-FL or sNASP-FL, cells
were treated with DNA polymerase inhibitors (2 mM hydroxyurea,
5 pg/ml aphidicolin) or RNA polymerase inhibitors (50 nM a-aman-
itin, 0.1 uM triptolide) for 24 h prior to fractionation, as previously
described (Campos et al, 2015). To inhibit CMA, stably expressing
UBR7-FL or sNASP-FL cells were transfected with 20 nM siCTRL
(Invitrogen # 4390846) or siLAMP2A (Table EV2) (Cook et al, 2011)
for 5 h with RNAIMAX (Thermo Fisher Scientific #13778150)
according to manufacturer protocol 48 h prior to fractionation. To
inhibit the proteasome, stably expressed UBR7-FL or sNASP-FL cells
were treated with 1 uM MG-132 for 24 h prior to fractionation. To
evaluate non-nucleosomal histone levels in UBR7KO and parental
293T cells, cells were fractionated as previously described (Cook
et al, 2011). The indicated antibodies were used for immunoblotting
(Table EV3). Immunoblot integrated pixel densities were calculated
using gel analysis tool in Fiji.
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Histone peptide microarrays

Recombinant His-MBP-UBR7 was expressed and purified from
Rosetta BL21 E. coli cells grown in LB supplemented with 0.6 mg/
ml ZnCl,. Bacteria were lysed by sonication in Lysis buffer (25 mM
Tris—Cl, pH 7.2, 200 mM NaCl, 20 mM MgCl,, 10% Glycerol, 5 mM
BME, 10 mM beta-glycerophosphate, 0.2 mM PMSF, Benzamidine
(1,000% stock), Roche Complete Protease inhibitors (Sigma-Aldrich
11873580001)). Recombinant His-MBP-UBR7 was purified on
amylose beads and eluted with PBS containing 10 mM maltose and
0.6 mg/ml ZnCl,.

The purified protein was diluted in Binding Buffer (1x PBS, 5%
BSA (w/v), 0.1% Tween-20) to a final concentration of 3.4 uM. The
peptide array was blocked in Binding Buffer for 30 min, and 200 pl
His-MBP-UBR? protein was then pipetted directly on to the peptide
array and a coverslip placed on top of the solution. The array was
placed in a humidified chamber and incubated overnight at 4°C.
The array was washed with Binding Buffer and incubated with anti-
MBP antibody (1:1,000, New England Biolabs E8032S) for 2.5 h
followed by Alexa-647 conjugated goat anti-mouse IgG (Jackson
Immuno Research Labs Cat 115605003) antibody for 1 h. Fluores-
cence we detected using a Typhoon Trio imager. The peptide array
was quantified using the Microarray Profile Image J plugin. Inte-
grated density was collected for the peptide spot (Ispot) and for the
spot + the surrounding background (ISpot+background). Local
background correction we conducted using the following formula
(ISpot+background-Ispot) /((Aspot+background-Aspot) /Aspot)
where I = Integrated Density and A = area. Z-score was calculated
using all spots on the array.

Peptide pulldowns

Nuclear extract from 293T cells was prepared as described before
with minor modifications (Dignam et al, 1983). Cells were
suspended in 5 packed cell pellet volumes of Buffer A (10 mM
HEPES, pH 7.9, 1.5 mM MgCl,, 10 mM KCl, and 0.5 mM DTT) and
incubated for 10 min on ice. Cells were collected by centrifugation
and re-suspended in 2 packed cell pellet volumes of Buffer A. The
cells were lysed by 13 strokes of a glass Dounce homogenizer (loose
pestle) to release the nuclei. The nuclei were pelleted by centrifuga-
tion at 2,000 g. The supernatant was carefully removed, and the
pellet was re-suspended in 1.5 ml of Buffer C (20 mM HEPES, pH
7.9,25% (v/v) glycerol, 0.42 M NaCl, 1.5 mM MgCl, 0.2 mM EDTA,
0.5 mM PMSF, and 0.5 mM DTT). The nuclei were lysed by 13
strokes of a glass Dounce homogenizer (tight pestle). Salt concentra-
tion was adjusted to 150 mM NaCl using Buffer D without salt (20
mM HEPES, pH 7.9, 20% (v/v) glycerol, 0.2 mM EDTA, 0.5 mM
PMSF, and 0.5 mM DTT). Triton X-100 was added to the nuclear
extract to a final concentration of 0.1% and centrifuged at 15,000 g
for 15-30 min. The supernatant was transferred to a fresh tube and
pre-cleared by using streptavidin magnetic beads. To make peptide
conjugated streptavidin magnetic beads, beads were pre-incubated
with biotinylated peptides in PBS with 0.1% Triton X-100 for ~18 h
at room temperature. The peptide-conjugated streptavidin beads
were then blocked by incubating in Buffer D (20 mM HEPES, pH
7.9,20% (v/v) glycerol, 0.1 M KC1, 0.2 mM EDTA, 0.5 mM PMSF,
and 0.5 mM DTT) containing 1 mg/ml BSA for 30 min. The beads
were then added to the pre-cleared lysate and incubated ~18 h at
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4°C, followed by 6 washes with Buffer D containing 300 mM KCI.
2x SDS sample buffer was added to the beads and boiled, followed
by immunoblotting of inputs and pulldowns.

H3.1-APEX2 proximity biotinylation

Stable RPE-H3.1-APEX2-3xFLAG cells were treated with 1 pg/ml
doxycycline (dox) for 3.5 h to induce H3.1-APEX2-3xFLAG expres-
sion. Dox-treated RPE cells or untreated H3.1-APEX2-3xFLAG cells
were used as negative controls. APEX2-based proximity biotinyla-
tion was performed as described previously (Hung et al, 2016).
Briefly, to perform proximity biotinylation for newly synthesized
H3.1-APEX2-3xFLAG, 30 min after dox removal, 500 uM biotin-
phenol was added to culture medium for an additional 30 min. To
catalyze biotin-phenol attachment by H3.1-APEX2-3xFLAG, 1 mM
H,0, was added to the same medium for 1 min. After removal of
labeling medium, cells were quenched by 4 1 min washes in
Quencher Solution (5 mM Trolox, 10 mM sodium ascorbate, 10 mM
sodium azide in PBS). To perform proximity biotinylation for pre-
existing H3.1-APEX2-3xFLAG, cells were cultured 48 h after dox
removal before treatment with biotin-phenol. The entire cell popula-
tion was collected at 48 h (roughly 2x cell number versus 4.5 h) to
capture the entire remaining pool of H3.1-APEX2-3xFLAG.
Quenched cells were either straight-fixed in 4% formaldehyde for
immunofluorescence on coverglass, as described above, or collected
for affinity purification of biotin-labeled proteins, as follows. Cells
were lysed in RIPA buffer (Thermo Fisher Scientific 89900) on ice
for 2 min, then centrifuged at 50,000 g for 10 min at 4°C. The super-
natant was incubated with streptavidin-conjugated magnetic
agarose (New England Biolabs S1420) ~18 h at 4°C. The affinity
purified complexes and magnetic agarose were washed twice with
RIPA, then once each with RIPA supplemented to 2% SDS, 1 M KCl,
0.1 M Na,COs3, 2 M Urea in 10 mM Tris-HCI, pH 8.0, and twice with
RIPA. Purified complexes were eluted by heating for 10 min at 95°C
in 1.5x Laemmli sample buffer supplemented with 2 mM biotin and
20 mM DTT.

To estimate the enrichment of UBR7 co-purified with pre-existing
versus newly synthesized H3.1-APEX2-3xFLAG, integrated pixel
density (IPD) was quantified using Fiji for the anti-FLAG and anti-
UBR7 immunoblots from loading conditions with the most compara-
ble anti-FLAG immunoblot intensity (Fig 4H, 0.1x of 4.5 h in lane 8
versus 1x of 48 h in lane 11). The anti-UBR7 IPD was normalized to
anti-FLAG IPD within condition, and then, the ratio of 48 hto 4.5 h
FLAG-normalized anti-UBR7 immunoblot signal was calculated.

Real-time quantitative PCR validation of LAMP2A knockdown

Total RNA was isolated from UBR7-FL or sNASP-FL expressing
293T cells after treatment with siCTRL or siLAMP2A as described
above using the Qiagen RNeasy Mini kit (Qiagen 74104). 1 ug of
RNA was used as input for cDNA synthesis using the iScript cDNA
Synthesis kit (Bio-Rad 1708890). cDNA was diluted 1:5 and mixed
with iTaq Universal SYBR Green Supermix (Bio-Rad 1725121) and
primers. Primer sequences to detect LAMP2A or Actin as a normal-
ization control are listed in Table EV2. Real-time quantitative PCR
was performed on the Bio-Rad CFX Connect (Bio-Rad 1855201)
according to standard procedure. Relative expression was deter-
mined using the 2~ method.
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GFP-UBR7 chromatin immunoprecipitation and DNA sequencing
(ChIP-seq) and data analysis

2x15 cm 90% confluent plates of GFP-UBR7 293T cells were used
for each ChIP-seq experiment. The cells were fixed with 1%
paraformaldehyde in DMEM for 15 min at 37°C, then quenched with
0.125 M glycine (final concentration) for 5 min at 37°C. The cells
were washed with ice-cold PBS containing Protease inhibitors
(Roche Complete Protease inhibitors (Sigma-Aldrich 11873580001).
Cells were sonicated with a Branson sonicator at 40% amplitude,
0.7 s on 1.3 s off, for 10 min. Samples were then spun at max speed
for 10 min at 4°C. The supernatant was collected and 50 pl retained
as input sample. The lysate was pre-cleared with beads. 4 pug anti-
GFP antibody (Table EV3) was added, and the samples were incu-
bated overnight with rotation at 4°C. The immune complex was
collected by incubating with Protein-A Sepharose beads on a rotator
at 4°C. The beads were washed 5x with washing buffer (50 mM
HEPES pH 8.0, 1% NP-40, 0.7% DOC, 0.5 M LiCl, freshly added
protease inhibitors) then 1x with TE buffer. Immunoprecipitated
complexes were eluted twice in serial by resuspending beads with
100 pl elution buffer (50 mM Tris—HCl pH 8.0, 1 mM EDTA, 1%
SDS) and incubating for 30 min at 65°C. The supernatant was
collected and treated with proteinase K for 2 h at 55°C, then DNA
was purified by phenol-chloroform extraction.

ChIP-seq libraries were prepared with the KAPA HTP Library
Preparation Kit (Illumina KK8234) using NEXTFLEX Adapters (Illu-
mina 514104), according to manufacturer protocols, from 10ng of
starting DNA. Libraries were size selected using SPRI beads (Beck-
man Coulter A63987). Libraries were assessed on an Agilent Bioana-
lyzer and sequenced on a NextSeq500 (Illumina) to generate 50 bp
single-end reads.

Raw BCL output files were processed using bclfastq (Illumina,
version 2.17.1.14). Fastq files were quality trimmed with trimmo-
matic (Bolger et al, 2014). Trimmed reads were aligned to the
human genome (UCSC hgl9) with bowtie (Langmead & Salzberg,
2012; Langmead et al, 2019). Peaks were called from GFP-IP bam
files using input bam files as control with macs2 (Zhang et al,
2008). The nearest genomic feature was annotated by HOMER anal-
ysis (Heinz et al, 2010). DeepTools bamCompare was used to calcu-
late the log, fold change of GFP-IP versus input from GFP-UBR7
293T cells, which was visualized using plotHeatmap.

Assay for transposase accessible chromatin and DNA sequencing
(ATAC-seq) and data analysis

ATAC-seq was performed as previously described (Buenrostro et al,
2015). Briefly, transposition was performed from 5000 parental or
UBR7KO 293T cells resuspended in 50 pl of ATAC buffer (25 pl 2x
TD buffer, 2.5 pl TDEI1 transposase, Nextera; 0.5 ul Digitonin,
Promega; 22 ul nuclease-free water) for 30 min at 37°C with
300 rpm agitation. Fragmented DNA was collected using a Qiagen
MinElute PCR kit (Qiagen 28004). Sequencing libraries were prepared
by PCR, size selected, and quality controlled as described (Buenrostro
et al, 2015). Libraries were sequenced on the NextSeq 500 to generate
50 bp single-end reads. Experiment was performed twice.

Raw BCL output files were processed using bclfastq (Illumina,
version 2.17.1.14) and fastq files were trimmed and analyzed with
trim_galore (https://github.com/FelixKrueger/TrimGalore). Reads
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were aligned to the human genome (UCSC hgl9) using bowtie2
(Langmead & Salzberg, 2012; Langmead et al, 2019) allowing up to
one mismatch resulting in > 50% aligned reads in all samples.
Multimapping reads were removed with samtools (option -q 5), and
mitochondrial genome reads were removed with the sed command.
Duplicate reads were removed with Picard (Picard toolkit, 2019). All
bam files were downsampled to the number of reads in the smallest
library. Peaks were called using macs2 in broad mode (Zhang et al,
2008; Tripodi et al, 2018). Bedtools (Quinlan & Hall, 2010) was used
to identify and merge (sum) the macs2 scores across intersecting
peaks between biological replicates. DeepTools (Ramirez et al, 2016)
bamCompare was used to calculate the log, fold change of UBR7KO
versus parental 293T cells. Unique TSS were derived by first building
a bed file using the “chrom” and “txn start” columns of NCBI RefSeq
GRCh37/hg19 file downloaded from UCSC Table Browser (http://
genome.ucsc.edu/cgi-bin/hgTables) followed by a column of values
(“txn start” +1). Bedtools merge was used to collapse redundant TSS.
DeepTools plotHeatmap was used to visualize the log, fold changes
centered on non-redundant TSS using unsupervised K-means analysis.

H3K4me3 CUT&RUN and data analysis

The ProteinA-MNase (pA-MNase) was purified in E. coli cells as
described previously using a protocol adapted from Schmid et al
(2004). Parental and UBR7KO 293T cells and Drosophila Kc167 spike-
in cells were harvested at room temperature and resuspended in
Wash Buffer (20 mM HEPES-NaOH pH 7.5, 150 mM NacCl, 0.5 mM
spermidine, 1x Roche protease inhibitor cocktail) and counted using
a Vi-Cell Blu cell counter. For each antibody, 4 x 10° 293T cells were
mixed with 1 x 10° Kc167 cells, then incubated for 7 min with 10 ul
of Concanavalin A-coated magnetic beads (BioMag) in Binding Buffer
(20 mM HEPES-KOH pH 7.9, 10 mM KCl, 1 mM CacCl,, 1 mM MnCL).
The bead-cell slurry was permeabilized in Wash Buffer supplemented
with 0.005% digitonin (“Digitonin Buffer”) as determined by opti-
mization, then incubated with anti-H3K4me3 antibody (Antibody 1
= Millipore, Antibody 2 = Diagenode, Table EV3), or IgG as a
control, (1:50) in Antibody Buffer (20 mM HEPES-NaOH pH 7.5, 150
mM NacCl, 0.5 mM spermidine, 0.005% digitonin, 2 mM EDTA, 0.1%
BSA, 100 nM TSA, 0.1 unit/ml citrate synthase, 1 mM Oxaloacetic
acid, 1x Roche protease inhibitor cocktail) for 2 h at room tempera-
ture with nutation. The beads were washed twice in Digitonin Buffer,
then incubated in 100 pl Digitonin buffer with 700 ng/ml pA-MNase
for 1 h at 4°C with nutation. The beads were washed twice in Digi-
tonin Buffer, then resuspended in a low-salt Wash Buffer (20 mM
HEPES-NaOH pH 7.5, 0.5 mM spermidine, 0.005% digitonin, 1x
Roche protease inhibitor cocktail) and chilled to 0°C. The beads were
then incubated with ice-cold Calcium Incubation Buffer (3.5 mM
HEPES-NaOH pH 7.5, 10 mM CaCl2, 0.005% digitonin) for 30 min.
The beads were washed with EGTA-Stop Buffer (170 mM NaCl, 20
mM EGTA, 0.005% digitonin, 50 pg/ml RNase A) for 30 min at 37°C
to release the chromatin fragments. To extract the DNA, 200 pl of
Oligo Binding Buffer (Zymo) was added to each sample and the total
volume was then added to a Zymo-Spin DCC-5 column and centri-
fuged. The column was washed twice with DNA Wash buffer from
the DNA Clean & Concentrator-5 Kit (Zymo). The DNA was eluted
from the column in 15 pl of DNA Elution Buffer, and sample concen-
tration was measured using a Qubit 3.0 fluorometer and Qubit dSDNA
HS Assay Kit.
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[llumina libraries were prepared using a NEBNext Ultra II Library
Prep Kit for Illumina and NEBNext® Multiplex Oligos for Illumina®
(Dual Index Primers Set 1) using a protocol adapted from the manu-
facturer. Modifications to the protocol are as follows: The End Prep
heat inactivation step was conducted at 50°C for 60 min. The
NEBNext Adaptor was diluted 1:25 in 10 mM Tris-HCI, pH 8.0 with
10 mM NaCl. After Adaptor Ligation, a DNA cleanup using 1.75x
volumes of Sera-Mag Select beads was conducted. The PCR cycle
conditions were programmed as following: 1 cycle: 98°C for 30 s, 12
cycles: 98°C for 10 s, 65°C for 30 s, 1 cycle: 65°C for 5 min, Hold:
4°C. After PCR amplification, DNA cleanup was conducted twice
with 1.2x volumes of Sera-Mag Select (Cytiva) beads. Quality
control was conducted on the resulting 15 pl elution using Agilent
4200 TapeStation D1000 ScreenTape to determine sample concen-
tration and sample quality. Libraries were sequenced on the Illu-
mina NovaSeq 6000 to generate 50 bp paired-end reads.

Raw sequencing data were demultiplexed using bcl2fastq2
v2.19.1. Reads were trimmed for adaptor sequences using trimmo-
matic v0.36 and then aligned to concatenated hg38/Genome Refer-
ence Consortium Human Reference 38 Patch 15 (GRCh38.p15) and
dm6/BDGP Release 6 + ISO1 MT assemblies of the human and
Drosophila melanogaster genomes, respectively, using bowtie2
v2.3.1 with options --local --very-sensitive-local --no-unal --no-
mixed --no-discordant --phred33. Only reads with a MAPQ > 30
were retained using samtools v1.3.1. PCR duplicates were removed
with picard MarkDuplicates v2.9.2. Coverage-based tracks were
generated with deepTools bamCoverage with options --binSize 1 --
normalizingUsing RPGC --effectiveGenomeSize 2800000000
extendReads --samFlaginclude 64. CUT&RUN profiles were then
calibrated by spike-in normalization using Drosophila chromatin as
the internal reference or spike-in, analogous to that done for ChIP-
seq (Orlando et al, 2014), to determine the normalization coefficient
or Occupancy Ratio (OR). Specifically, the OR was calculated as the
product of IgG spike-in reads and immunocleaved (IC) human
reads, divided by the product of IgG human reads and IC spike-in
reads. Spike-in normalized tracks were generated with deepTools
bamCoverage with options --binSize 1 --normalizeUsing RPGC --ef-
fectiveGenomeSize 2800000000 --extendReads --samFlagInclude 64
--scaleFactor OR.

OR-normalized tracks were remapped to genome build hgl9/
GRCh37. BigWig files were converted to bedGraph using UCSC
binary utils (http://hgdownload.soe.ucsc.edu/admin/exe/linux.
x86_64/) bigWigToBedGraph. BedGraph files were remapped to
hgl9 using UCSC binary utils liftOver with options -positions —
bedPlus = 4 and hg38ToHgl9.over.chain file. Resulting bedGraph
files were sorted using LC_Collate = C sort with options -k1,1 -
k2,2n. Overlapping coordinates were removed with UCSC binary
utils bedRemoveOverlap. Resulting bedGraph files were converted
to hg19 mapped tracks using UCSC binary utils bedGraphToBigWig.

DeepTools bigWigCompare was used to calculate the log, fold
change of H3K4me3 using in UBR7KO versus parental 293T cells,
which were visualized using plotHeatmap.

Genomic track examples
Genome tracks were visualized using the Integrative Genomics

Viewer (IGV) (Robinson et al, 2011, 2017; Thorvaldsdottir et al,
2013).
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RNA sequencing

RNA was isolated from 1 x 10° cells using the Qiagen RNeasy Mini
kit. RNA quality was assessed at > 9 on the Bioanlayzer 2100 using
the Eukaryote Total RNA Nano kit (Agilent 5067-1511). 1 ug of RNA
was used as input for library preparation using the Illumina TruSeq
LS protocol (Illumina 15031048). Experiment was performed three
times (twice in UBR7KO2 and once in UBR7KO1 cells).

All libraries were assessed on the Qubit and sequenced on Illu-
mina HiSeq 2000 to generate 50 bp single-end reads. Raw BCL output
files were processed using bclfastq (Illumina, version 2.17.1.14).
Further analysis was performed using the Ceto modular NGS analysis
pipeline (E. Bartom, Northwestern University, https://github.com/
ebartom/NGSbartom). Fastq files were quality trimmed with trimmo-
matic (Bolger et al, 2014). Trimmed reads were aligned to the human
genome (UCSC hgl9) with TopHat (version 2.1.0) (Trapnell et al,
2009) with gene annotations sourced from Ensembl release 72
assigned using Python package HTSeq 0.6.1 (Anders et al, 2015). Dif-
ferentially expressed reads between all three UBR7KO versus all three
parental 293T samples were identified using the exact test in EdgeR
(Robinson et al, 2010; McCarthy et al, 2012).

To compare gene expression changes identified by RNA-seq to
changes in the chromatin landscape identified by ATAC-seq and
CUT&RUN, the mean log, fold change of the genes associated with
TSS for each cluster was calculated and visualized in R as described
for ATAC-seq analysis (see above).

Plasmids and transfection

Histone coding sequences were synthesized as gBlocks (H3.1, H3.3,
H3.1-A31S, H3.3-S31A, H2B, see Table EV2) (Lewis et al, 2013; Herz
et al, 2014) by Integrated DNA technologies and cloned into the into
pcDNAS/FRT/TO plasmid (Thermo Fisher Scientific V652020) using
NEB HiFi DNA Assembly Master Mix (New England Biolabs E2621L).
Plasmids were transfected in 293T cells using Lipofectamine 2000 or
3000 (Thermo Fisher Scientific 13778150 or L3000015).

Cellular fractionation, immunoprecipitation, mass spectrometry,
and immunoblotting

Cellular fractionation and immunoprecipitation were performed as
described in the section “Cellular Fractionation, Immunoprecipita-
tion, and Immunoblotting”.

To determine proteins bound to nucleosomal H3.1-FLAG-HA and
H3.3-FLAG-HA, proteins co-purified by anti-FLAG immunoprecipita-
tion were identified by mass spectrometry as described in the
section "BiolD and Mass Spectrometry". Log, fold differences
between H3.1 and H3.3 purifications were calculated from total
spectral counts. Total spectral counts were compared between H3.1
and H3.3 purifications.

To assess UBR7 binding to transiently transfected (72 h) H2B-
FLAG-HA, H3.1-FLAG-HA, H3.3-FLAG-HA, or indicated mutants,
non-nucleosomal or nucleosomal anti-FLAG immunoprecipitations
were immunoblotted with anti-FLAG and anti-UBR7 antibodies
(Table EV3). To estimate the relative enrichment of UBR7 co-puri-
fied by nucleosomal H3.1-FLAG-HA, H3.3-FLAG-HA, and mutants,
anti-UBR? integrated pixel density was calculated using gel analysis
tool in Fiji.
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Alignment of UBR7 protein sequences

UBR? protein RefSegs in fasta format from NCBI were aligned using
T-Coffee (Notredame et al, 2000) (http://tcoffee.crg.cat/apps/
tcoffee/do:regular). Resulting fasta alignment was visualized using
Boxshade version 3.21 (written by K. Hofmann and M. Baron),
hosted on https://embnet.vital-it.ch/software/BOX_form.html, with
RTF_new output. The following RefSeqs were used for alignment:
NP_786924.2, XP_001149838.1, NP_079942.1, NP_001305390.1,
XP_002933253.3, NP_997794.1, NP_609837.1, NP_595478.1.

H3.1-APEX2 proximity biotinylation

To validate specific biotinylation of proteins by H3.1-APEX2-
3XFLAG by immunoblot, RPE1"Te" cells stably expressing doxycy-
cline-inducible H3.1-APEX2-3XxFLAG were treated and biotinylated
proteins were purified as described in the section “H3.1-APEX2
Proximity Biotinylation” from untreated cells or cells collected 4.5
or 48 h following doxycycline treatment. Biotinylated proteins were
detected by blotting with streptavidin-HRP (Table EV3).

Data availability

ChIP-seq, ATAC-seq, CUT&RUN, and RNA-seq data: Gene Expres-
sion Ombinus GSE183730 (https://www.ncbi.nlm.nih.gov/geo/
query/acc.cgi?acc = GSE183730).

Expanded View for this article is available online.
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