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Abstract

Core histones package chromosomal DNA and regulate genomic transactions, with their import
and deposition involving a dedicated repertoire of molecular chaperones. Histones H3 and H4 have
been predominantly characterised as obligate heterodimers, however, recent findings have alluded to
the existence of a significant pool of monomeric histone H3 in the nucleoplasm. Using a combination
of in vitro and in vivo experiments, here we show that monomeric H3 and H4 use an Importin 5
(Imp5) dependent pathway for their nuclear import, distinct from Importin 4 (Imp4) previously
described for H3-H4 dimers. Using mutants that disrupt the histone fold, we show monomeric H3
loses its interaction with Imp4, but retains interactions with Imp5 and the chaperone NASP. H4
monomeric mutants similarly bind Imp5 and not Imp4, however, they lose interaction with NASP,
retaining their interaction with the HAT1-RBBP7 complex instead. In vitro experiments revealed
that Imp5 and NASP are mutually exclusive in their binding, suggesting a facilitated hand-off
mechanism. Furthermore, new H3 accumulates rapidly in a NASP-bound complex after nuclear
translocation. NASP can assemble into three distinct co-chaperoning complexes, including a novel
complex containing NASP, H3 and the putative ubiquitin ligase UBR7, a NASP-H3-H4-RBBP7
subcomplex and the previously characterised NASP-H3-H4-ASF1-HAT1-RBBP7 multi-chaperoning
complex. Here we propose an alternative import pathway and folding mechanism for monomeric H3
and H4 that involves Imp5, rather than Imp4, and hands off to nuclear chaperones NASP, RBBP7
and HAT1.

Introduction

Chromatin is composed of an array of proteins and genomic DNA whose integrity is crucial for genomic
regulation, stability, replication and repair. Histones are among the most abundant nuclear proteins,
functioning in both packaging and regulation of access to DNA. Mechanisms by which histones are
imported, chaperoned and deposited onto DNA are therefore of great current interest. The histone-
fold dimers H3-H4 and H2A-H2B, which form the nucleosome core particle, have distinct import and
chaperoning factors. Most of the current evidence indicates that both H3-H4 and H2A-H2B dimerise
rapidly in the cytoplasm after synthesis and are imported in their dimeric state (Groth et al., 2005;
Tagami et al., 2004; Campos and Reinberg, 2010; Yoon et al., 2018; Mosammaparast et al., 2002, 2001).
However, recent observations using pulse-chase analysis alluded to the nuclear import of monomeric
H3 and H4, pointing towards the existence of other pathways for nuclear import (Apta-Smith et al.,
2018).

Histones are synthesised in the cytoplasm and translocate to the nucleus associated with importin
proteins (also known as karyopherins). Once in the nucleus, importins interact with RanGTP leading
to the unloading of their cargo and export to the cytoplasm (Chook and Süel, 2011). Karyopherin
subunit β1 (KPNB1) binds to Nuclear Localisation Signals (NLS) via importin-α adaptor proteins.
However, many nuclear proteins do not present a canonical NLS but rely on an extended importin-β
family for direct binding and translocation (Muhlhausser et al., 2001; Soniat et al., 2016; Bernardes
and Chook, 2020). Work on different organisms has cemented the notion that, despite certain redun-
dancy, most importin-histone interactions are specific (Baake et al., 2001; Muhlhausser et al., 2001;
Mosammaparast et al., 2001, 2002; Blackwell Jr. et al., 2007). For instance, in humans, nuclear import
of histone H3-H4 dimers is associated with Imp4, and to a lesser extent, Imp5 and KPNB1 (Campos
and Reinberg, 2010; Campos et al., 2015; Alvarez et al., 2011), whilst histones H2A and H2B mainly
associate with importin-9 (Imp9), (Padavannil et al., 2019).

Histone chaperones also associate promptly with nascent histones, providing an environment for solu-
bility and ensuring correct folding before targeting towards sites of DNA deposition (Hammond et al.,
2017; Pardal et al., 2019). Nuclear Autoantigenic Sperm Protein (NASP) was first identified as an
H1-binding protein (O’Rand et al., 1992) but has subsequently been shown to interact predominantly
with H3 and H4 (Tagami et al., 2004; Campos and Reinberg, 2010; Cook et al., 2011). NASP displays
multivalent interactions with its histone cargo: it binds with high affinity to a peptide epitope at the
C-terminus of H3 via a canonical TPR-peptide interaction, and to an H3-H4 dimer via a secondary
TPR surface site, possibly involving the acidic domain (Bowman et al., 2016, 2017). These differen-
tial interactions allow NASP to bind to H3 as both a monomer, and as an H3-H4 dimer in complex
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with Anti-silencing factor 1 (ASF1) and other co-chaperones (Bowman et al., 2017; Apta-Smith et al.,
2018; Groth et al., 2005; Alvarez et al., 2011; Campos and Reinberg, 2010). This is supported by the
observation that NASP binds to a suprastoichiometric amount of H3 over H4, suggesting the existence
of both an H3 monomer and an H3-H4 dimer pool in vivo (Apta-Smith et al., 2018). Further, such an
encompassing role would agree with in vivo observations that NASP protects a soluble pool of H3-H4
against chaperone-mediated degradation (Cook et al., 2011).

Along with NASP, Retinoblastoma-Binding Protein-7 (RBBP7, formerly known as RbAp46 and closely
related to it paralog RBBP4) together with Histone Acetyltransferase 1 (HAT1) form the HAT1-
complex, which catalyses acetylation at lysines 5 and 12 on newly synthesised H4 (Verreault et al.,
1998). HAT1 and RBBP7 can interact with H3–H4 together with ASF1 and NASP (Tagami et al.,
2004; Ask et al., 2012; Groth et al., 2007), likely due to HAT1 and RBBP7 binding sites residing in
the N-terminal tail (Wu et al., 2012) and first α-helix of H4 (Song et al., 2008; Murzina et al., 2008)
away from the known binding sites of NASP and ASF1. However, whether HAT1-RBBP7 interact
with a pool of monomeric H4, analogous to NASP and H3, has yet to be determined.

Using a combination of proteomics, in vitro binding, and pulse-chase analysis, we propose an import
pathway and folding mechanism for monomeric H3 and H4 that specifically involves Imp5 binding and
hand-off to nuclear chaperones NASP and HAT1-RBBP7, respectively. This pathway may represent a
necessity to import histones faster than the kinetics of dimersation under periods of high need, such as
during genome replication, working to alleviate potential bottlenecks in H3-H4 folding prior to nuclear
translocation.

Results

Constitutively monomeric histones translocate to the nucleus

We recently suggested that, in addition to the canonical H3-H4 dimer import pathway, histone H3 and
H4 can be imported into the nucleus in their monomeric state (Apta-Smith et al., 2018). To probe this
further, we designed mutations in H3 and H4 that inhibit folding of the heterodimer. Two strategies
were taken: breaking the α2 helix of the histone fold domain by insertion of three glycine residues
(helix-breaker mutations, HB), and disruption of the histone fold by mutation of the hydrophobic core
(fold-disruptor mutations, FD), (Fig. 1A and B). To validate their defective folding, histone mutants
were expressed transiently in HEK293-F cells for 36 hours. Histone mutants were fused through a
22 amino acid linker to the N-terminus of eGFP for fluorescent detection, immunoprecipitation and
western blotting (Fig. 1C and D). As expected, histone counterparts could be detected in wild-type
pull-downs, but not in any of the non-folding mutants, even though the non-folding mutants were
stable and expressed at comparable levels to wild type (Fig. 1C).

Interestingly, imaging of the eGFP-tagged histones revealed that all non-folding mutants were im-
ported into the nucleus, however, they displayed a homogeneous fluorescent signal, indicative of a
soluble, non-chromatin bound protein (Fig. 1D). Indeed, imaging of mitotic cells revealed wild-type
histones locating to sister chromatids, whereas, the non-folding mutants were soluble (Fig. 1D). To
further confirm the soluble nature of non-folding mutants we used Fluorescence Recovery After Pho-
tobleaching (FRAP). Whilst a photobleached area of nuclei expressing wild-type histones failed to
recover over the duration of imaging, the non-folding mutants recovered fluorescence almost imme-
diately (Fig. 1E). This suggest that eGFP-tagged wild-type histones are immobile, due to being
incorporated into chromatin, whereas non-folding mutants are in rapid exchange with the bleached
region, suggesting that they are not. In summary, these findings show that our designed non-folding
mutants are not incorporated into chromatin, but do enter the histone chaperoning pathway in so far
as they are imported into the nucleus and are not proteolytically degraded.
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Figure 1: H3 and H4 dimerisation mutants translocate to the nucleus but do not incorporate
into chromatin. A: Position of Fold-Disruptor (FD) substitutions (asterisks) and Helix-Breaker (HB) in-
sertions (brackets). B: Positions of the fold-disruptor mutations superimposed on the H3-H4 heterodimer
crystal structure (PDB: 2HUE). Residues targeted are shown in yellow for H3 and in orange for H4. C: Co-
immunoprecipitation (Co-IP) analysis of the non-folding mutants confirms that they do not interact with their
folding partner when expressed in HEK293-F cells as eGFP fusions, whilst their wild-type counterparts do.
D: Confocal microscopy reveals non-folding mutants are imported into the nucleus, but do not localize to mi-
totic chromosomes. Scale bar indicates 10 µm. E: FRAP analysis of wild-type and mutant histones shown in D.
Immediate recovery of fluorescence after bleaching confirms that the histone mutants are not chromatin-bound
as are their their wild-type counterparts.
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Non-folding histone mutants bind a specific subset of importins and chaperones

To identify factors that interact with histones in their monomeric state we performed co-IPs of the
non-dimerising mutants followed by western-blotting (Fig. 2A). When probing known histone-binding
factors, we found that both H3 and H4 lose their interaction with Imp4, but unexpectedly retain their
interaction with the paralogue Imp5 (Fig. 2B). Interestingly, H3 mutants still interacted with NASP,
but lost their interaction with HAT1 and RBBP7. Conversely, H4 mutants lost their interaction with
NASP, but retained their interaction with HAT1 and RBBP7, whereas, both sets of mutants no longer
interacted with ASF1A or B. (Fig. 2B).

We further investigated associating proteins using affinity-capture followed by mass spectrometry, con-
firming our findings by western blot (Fig. 2C) and allowing a non-biased analysis into unknown factors.
By plotting normalised total precursor intensity of mutant against wild type, factors interacting equally
with both histones were expected lie on the diagonal, with proteins interacting preferentially with wild
type or mutants expected to reside above or below the diagonal, respectively (Fig. 2D).

Looking at histone H3, we found that histone chaperones previously characterised to interact with
a constitutive H3-H4 dimer (ASF1A/B, CHAF1A/B, RBBP4, DNAJC9), the H4 tail-binding HAT1
complex (HAT1, RBBP7), Imp4 and histone H4 were enriched on wild-type H3 compared to mutants,
as expected (Fig. 2A) (Groth et al., 2005; Tagami et al., 2004; Smith and Stillman, 1989; Tyler et al.,
1999; Kleff et al., 1995; Hammond et al., 2021). Interactors that bound indiscriminately to wild type
and monomeric H3 included the histone chaperones NASP, UBR7, C1QBP, Imp5, and to a lesser
extent NAP1L1/4 and members of the HSP70 family of molecular chaperones HSPA1B, HSPA6 and
HSPA8 (Fig. 2D). NASP has previously been demonstrated to interact with H3 both as a monomer
and as an H3-H4 heterodimer (Bowman et al., 2016, 2017), whilst binding of the H3 tail region
explains the non-selectivity of UBR7 (Kleiner et al., 2018). The interaction interface of the recently
discovered chaperone C1QBP (Lin et al., 2021) has yet to be determined, however these findings
suggest recognition of the H3-H4 dimer is not a prerequisite for binding. Interestingly, we found that
Imp5 is highly enriched on both wild type and monomeric mutants, in stark contrast to its counterpart
Imp4, which appears selectively enriched on the wild-type, in agreement with our western-blot analysis
above (Fig. 2B).

Looking at histone H4, we found a similar pattern of binding with a few key differences. Whilst known
H3-H4 binding proteins were selectively enriched with the wild-type histone, the HAT1 complex (HAT1
and RBBP7) bound indiscriminately to both wild-type and monomeric H4 (Fig. 2B). Conversely,
NASP was present only with wild type but not monomeric mutants, again most likely reflecting an
interaction interface orientated towards H3 (Bowman et al., 2016, 2017). Interestingly, UBR7 did not
interact with either wild type or monomeric H4, suggesting that it may have specificity towards H3 in
its monomeric state, potentially being displaced by H3-H4 dimer folding (Fig. 2D). This is in contrast
to C1QBP, which associated with both wild type and monomeric mutants. Similar to H3, there was
also discrepancy in the binding of importin proteins: whilst the wild type H4 enriched selectively for
Imp4, Imp5 came down equally with mutant and wild type (Fig. 2B). These results suggest that Imp5
can interact with H3 and H4 in their monomeric state, whereas Imp4 is only able to interact with an
H3-H4 dimer.
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Figure 2: Monomeric histone interaction analysis. A: Experimental overview of histone expression
and purification. B: Westernblot analysis of immunoprecipitated wild-type and monomeric histones probed for
known histone interactors (HB, Helix Breaker mutation; FD, Fold Disruptor mutantion). C: Normalised total
precursor intensity (106) of proteins of interest for H3 and mutants (blue) and H4 and mutants (green). Three
biological replicates were performed. D: Proteomic anlaysis of wild type and monomeric histone mutants. The
normalised total precursor intensity from three experiments are plotted as mutant against wild type. Circled
regions show factors that are enriched for the wild-type (orange) or that are equally enriched on the wild type
and mutant (yellow). Known histone-binding proteins are coloured in blue, with those that deferentially bind
H3 and H4 mutants coloured in green. Histones are coloured in red.
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NASP forms discrete H3 monomer and H3-H4 dimer containing complexes

To visualise the molecular interactions between the NASP TPR domain and the H3 C-terminal helix,
we implemented the software AlpahFold2 (Deep Mind, London) (Jumper et al., 2021). In addition to
predicting single protein folds, AlphaFold2 has also been shown to accurately predict protein interac-
tion interfaces (Evans et al., 2021). Using ColabFold (AlphaFold2-Advanced) (Mirdita et al., 2021),
we generated five predictions of the sNASP (residues 1-340) and the H3 C-terminal peptide (residues
116-135), of which all five were highly similar. Remarkably, AlphaFold2 positioned the H3 peptide
within the putative peptide-binding groove of NASP. Furthermore, H3 residues that have previously
been shown to be crucial for the interaction (Bowman et al., 2016) orientated towards the putative
binding interface of the TPR domain (Fig.3A). Whilst not yet experimentally determined, this model
lends support to the role of NASP as a H3 monomer binding chaperone.

To address whether endogenous NASP interacts with monomeric H3 under physiological conditions we
generated CRISPR HeLa lines in which NASP and ASF1 loci were tagged with eGFP and mCherry,
respectively (Fig. S2A and B), and performed one-step purifications using GFP/RFP Trap followed by
quantification of H3:H4 ratios (Fig. 3B and C, Fig. S2C). In agreement with previous analysis of their
over-expressed counterparts (Apta-Smith et al., 2018), as well as transient expression in HEK293-F
cells, endogenously tagged NASP showed a 2.3-fold molar excess of H3 over H4, whereas ASF1 showed
close to equimolar amounts of each. The excess H3 over H4 suggests the presence of multiple histone
complexes, and that under physiological levels, NASP interacts with H3 in both its monomeric and
H4-bound state.

To further interrogate NASP interactions we fractionated eGFP-sNASP pull-downs by 2D gel elec-
trophoresis, the first dimension being native PAGE, and the second being SDS-PAGE, and probed
them by western blotting. Separation by native PAGE yielded multiple sNASP containing bands,
with separation of their constituents in the second dimension showing a clear H3 monomer containing
complex and at least two H3-H4 containing complexes (Fig. 3D and E). Proteomic analysis of the
native PAGE bands revealed three distinct histone-bound complexes: a sNASP-H3 monomer complex
that also contained lower levels of UBR7, a sNASP-H3-H4-HAT1-RBBP4/7 complex, that has been
well characterised previously (Campos et al., 2015; Campos and Reinberg, 2010; Alvarez et al., 2011;
Tagami et al., 2004; Groth et al., 2005; Jasencakova et al., 2010), and a sNASP-H3-H4-RBBP4/7-ASF1
complex missing the HAT1 subunit of the HAT1 holocomplex (Fig. 3F).

In addition to these histone-containing complexes, a number of heat-shock proteins were also found
associating with sNASP and so were the HDAC proteins 1 and 6 (Fig. S3), supporting previous
findings (Campos et al., 2010; Alekseev et al., 2005; Apta-Smith et al., 2018). Strikingly, we did not
detect Imp5 despite it co-purifying with monomeric histones (Fig.2D). Another interesting observation
was the association of UBR7 with NASP and monomeric H3. UBR7 is a putative ubiquitin E3 ligase
and has been previously identified to interact with histone H3 (Kleiner et al., 2018; Lambert et al.,
2015; Campos et al., 2015; Foltz et al., 2009), but appears to be a novel interactor of NASP. Looking at
the label free quantification, however, it is likely that UBR7-bound complex represents only a fraction
of the total NASP-H3 present (roughly 10 percent), suggesting a secondary function to that of NASP-
H3. In summary, NASP is found in three distinct complexes that are defined by their presence of
monomeric H3 or heterodimeric H3-H4, but does not stably associate with Imp5.
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Figure 3: NASP associates with H3 and H3-H4 in discreet, multi-chaperone complexes. A: Al-
phaFold2 prediction of NASP-H3 peptide interaction coloured by per residue pLDDT scores (residues 1-30 of
NASP omitted for clarity). Inset: detailed view of the H3 peptide binding prediction. Residues previously shown
to be crucial for interaction are labelled and shown as sticks. H3 retains its pLDDT score colouring scheme.
B: Histone chaperone immunoprecipitations separated by 15% SDS–PAGE and stained with Coomassie. Co-IPs
for EGFP-NASP associated with NASP and ASF1 for stable HeLa cell lines, HEK293-F transient expression
and CRISPR knock in engineered at their endogenous loci with eGFP and mCherry respectively. Asterisks
mark previously published data (Apta-Smith et al., 2018). C: Ratios of H3 compared to H4 associated with
NASP and ASF1 engineered at their endogenous loci with eGFP. Background-corrected densitometry profiles
for the portions of the gels covering H3 and H4 were compared with gel filtration purified recombinant H3-
H4 dimer. D: Native gel separation of immunoprecipitated eGFP-sNASP followed by SDS-PAGE to separate
NASP-containing complexes. Band numbers correspond to gel sections that were analysed by mass spectrome-
try. E: Western blot analysis of 2D gel as shown in B. Blots were probed for known NASP-interacting factors.
Note that a species containing H3 but not H4 is clearly discernible. F: Mass spectrometry identification of
NASP-interacting factors from gel slices shown in D. G: NASP forms at least three distinct co-chaperone
complexes: NASP-H3 /NASP-H3-UBR7, NASP-H3-H4-RBBP7-HAT1, NASP-H3-H4-RBBP7-ASF1.
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Figure 4: Imp5 and sNASP interaction with H3 is mutually exclusive. A: Experimental design.
B: Imp5-H3 reconstituted complex was purified by SEC and incubated on ice (control, top) or with equimolar
concentration of sNASP (competition assay) for 3 hours on ice before separating through ultracentrifugation
on a 5-40% glycerol gradient. C: Conversely to C, sNASP-H3 reconstituted complex was purified by SEC and
incubated on ice (control, top) or with equimolar concentration of Imp5 (competition assay) before separating
through ultracentrifugation on a 5-40% glycerol gradient.

Mutual exclusivity between Imp5 and NASP in histone binding

Next, we asked whether binding of H3 by NASP and Imp5 is mutually exclusive or can occur concomi-
tantly. To prevent extraneous factors affecting our analysis, we used purified recombinant proteins
reconstituted in vitro (Fig. 4A). Imp5 was able to bind equimolar concentrations of histone H3 and
histone H4 when separated by size exclusion chromatography, demonstrating a direct interaction with
histones (Fig. S4A). However, size exclusion chromatography was unable to resolve sNASP and Imp5
elution profiles sufficiently to allow unambiguous assignment(Fig. S4B). However, they were found to
separate well by ultracentrifugation on a glycerol gradient, suggesting that in the absence of histone
cargo sNASP and Imp5 do not interact directly (Fig. S4C).

Purified Imp5-H3 complex was combined with an equimolar amount of sNASP and left to equilibrate
for three hours on ice before separation. Interestingly, Imp5-H3 and sNASP eluted in separate frac-
tions, suggesting that sNASP cannot bind to H3 whilst it is in complex with Imp5, and that sNASP
does not compete with Imp5 for histone binding under these experimental conditions (Fig. 4B). Re-
markably, when the reverse experiment was performed, Imp5 was able to strip sNASP of its histone,
with almost all of the H3 co-fractionating with the importin rather than NASP (Fig. 4C). This sug-
gests that, firstly, as pre-assembled complex was used as input, NASP-H3 has a dissociation rate
significantly below the incubation time for competition (three hours), secondly, Imp5 has a signifi-
cantly higher dissociation constant than NASP towards monomeric H3, and thirdly, the dissociation
of Imp5-H3 in vivo likely requires additional factors, such as release by RanGTP. In summary, direct
binding competition towards H3 likely represents the absence of complex formation between IPO5 and
NASP, even though both proteins interact with H3 in its monomeric state in vivo.

H3 associates with Imp5 in the cytoplasm transferring rapidly to NASP in the
nucleus

We recently developed the pulse-chase method ’RAPID-release’ enabling biochemical and microscopy
observations of histone nuclear translocation. The system consists of two components: the histone
cargo with a cytoplasmic tether localising to the outer mitochondrial membrane, and a protease that
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can be locally activated through rapamycin-induced recruitment (Apta-Smith et al., 2018). The system
is highly adaptable and can be modified to study both localisation and interactions using appropriate
functional tags (Fig. 5A).

Initially we employed a non-bias approach using proximity biotinylation via the APEX tag (Lam et al.,
2015) in a doxycycline-inducible FRT HeLa cell line. However, H3-APEX-EGFP-RR presented slower
release kinetics when compared to the original RAPID-release, possibly due to the increase in steric
hindrance derived from a considerably longer fusion construct (Fig. S5B). Due to this we chose two
time points: an initial time point representing the cytoplasmic state (0 min) and a time point sufficient
to ensure near-complete nuclear translocation (120 min). To control for unspecific interactions, we
contrasted our results with a control comprised only of APEX2 tethered to the outer mitochondrial
membrane.

Interestingly, Imp4 and Imp5 are over 100-fold enriched on cytoplasmically-tethered histones (0 min)
compared to released histones (120 min). Similarly, we do not observe NASP, ASF1B, the MCM2-7
complex or RBBP4 in the proximity of cytoplasmic histones, but do observe them interacting once
histones that have been released and reached to the nucleus (Fig. 5C and D), supporting our previous
findings that these chaperones interact with histones overwhelmingly in the nucleus and not in the
cytoplasm of the cell (Apta-Smith et al., 2018).

To investigate the Imp5-H3 cytoplasmic interaction, we next co-transfected HeLa cells with Imp5-
eGFP and H3-mCherry-RAPID-release and found that Imp5 is enriched on mitochondrially tethered
H3 (Fig.5D), similar to what has previously been seen using Imp4 (Apta-Smith et al., 2018). Addition-
ally, this colocalisation disappeared when rapamycin was added to the cells, with H3 being imported
rapidly and Imp5 remaining in the cytoplasm (Fig5E), suggesting that the Imp5-H3 interaction is
specific, and that hand-off to the nuclear chaperoning machinery is a rapid event.

Similarly, using the CRISPR engineered EGFP-NASP cell line (Fig. 3B), we introduced H3-mCherry-
RR and studied NASP association with newly synthesised histone H3. Endogenously expressed EGFP-
NASP was entirely nuclear, with no enrichment over the tethered histone (Fig. 5F). Release of H3-
mCherry by addition of rapamycin followed similar kinetics to previously described H3-EGFP (Apta-
Smith et al., 2018), resulting in a half maximum cleavage at around 10 min (Fig. 5G). Unlike Imp5,
association could not be inferred from the microscopy alone, so we performed Co-IPs at 10 min, 1 hour
and 24 hour intervals after histone release(Fig. 5H). Interestingly, H3’s association with NASP peaked
at the 10 minute time point, when the nucleus experiences the highest surge of the released histone,
strongly suggesting that NASP associates with H3 as it enters the nucleus. Association with H3 was
also present at later time points, with 24 hours likely to represent an equilibrium between soluble
and chromatin-bound state. This would suggest that NASP can also interact with post-nucleosomal
histone, and is not necessarily limited to the interaction with incoming, newly synthesised H3. Taken
together, these findings allude to NASP being the predominant nuclear receptor for monomeric H3
via rapid hand off event from Imp5.
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Figure 5: H3 binds Imp5 in the cytoplasm and transfers rapidly to NASP upon nuclear import
A: Experimental design combining a histone pulse with co-immunoprecipitation. Addition of rapamycin recruits
an otherwise auto-inhibited TVMV protease which cleaves the tethered histone fusion allowing it to enter
the histone deposition pathway. B: Experimental design for doxycycline-inducible H3-APEX2-EGFP-RAPID-
Release (H3-APEX2-EGFP-RR). C: Left, normalised total precursor intensity of proteins detected by label-free
mass spectrometry after sptreptavidin pull-down (as described in A and B). Histones are coloured in red, known
interaction factors in blue and proteins detected in the control experiments in gray ’x’. Right, representation
of the normalise total precursor intensity of known histone interacting factors. D and E: EGFP-Imp5 and H3-
mCherry-RR transient expression co-localization and Pearson’s correlation coefficient before and after exposure
to rapamycin (+rapa). Scale bar indicates 10 µm. F and G: EGFP-NASP endogenously labelled by CRISPR
knock-in and H3-mCherry-RR stable expression co-localization and nuclear enrichment analysis before and
after exposure to rapamycin (+rapa). Scale bar indicates 10 µm. H: Westernblot analysis of anti-GFP co-
immunoprecipitated proteins (Co-IP) from EGFP-NASP endogenously labelled by CRISPR knock-in and H3-
mCherry-RR stable expression HeLa cell line.
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Discussion

Here we propose a novel nuclear import pathway governing the transfer of monomeric H3 and H4
from Imp5 to histone-specific nuclear chaperones. Although both Imp4 and Imp5 have H3-H4 binding
capacity, it is only Imp5 that can also interact with monomeric versions of the histones. Whilst Imp4
has long been shown in pulldowns with H3-H4 (Groth et al., 2005; Tagami et al., 2004; Campos and
Reinberg, 2010; Yoon et al., 2018; Mosammaparast et al., 2002, 2001), the mode of selectivity towards
a dimeric cargo is not yet clear as Imp4 interaction studies have predominantly focused on interactions
with the histone N-terminal tail regions (Yoon et al., 2018; Mosammaparast et al., 2002, 2001). Our
forced monomeric mutations do not reside within this region of H3 or H4, yet we do not see Imp4
associating with them, eluding to a more intricate association than a simple importin-histone NLS
binding mechanism.

Conversely, we show that Imp5 associates strongly with monomeric H3, both in vivo and in vitro,
and that binding is mutually exclusive with NASP (Fig. 4). This was unexpected as NASP interacts
predominantly with the C-terminal region of H3 (Bowman et al., 2016), outside of the previously
characterised N-terminal importin-binding region. In addition, we show here that Imp5 can outcom-
pete NASP for H3 in vitro, which has high affinity towards its histone cargo (Bowman et al., 2016),
suggesting that Imp5 makes extensive interactions with H3 outside of the characterised H3 tail region
(Soniat et al., 2016). Whilst structural characterisation of full-length histones in complex with im-
portin proteins is necessary to fully understand these hand-off events, it is intriguing that Importin-9
encapsulates a whole H2A-H2B dimer within its HEAT repeats, making significant interactions with
the histone fold domain, rather than the N-terminal tail regions (Padavannil et al., 2019). A re-
lated mode of interaction could be consistent with our characterisation of Imp5-H3-NASP binding
behaviour.

The rapid association of newly synthesised H3 with NASP suggests that NASP acts as a nuclear
receptor accepting H3 from Imp5 (Fig. 5). The necessity to sequester a monomeric histone may relate
to the folding kinetics of H3-H4 relative to nuclear import. NASP may therefore be regarded as
having a ’holdase’ function, as has been suggested for the ATP-independent small heat shock protein
family of molecular chaperones (Jakob et al., 1993; Mymrikov et al., 2017; Ecroyd, 2015; Taipale et al.,
2014; Mogk and Bukau, 2017; Reinle et al., 2021). In addition, the presence of NASP in downstream
complexes, mediated by interactions outside of the TPR-H3 peptide interface (Bowman et al., 2017),
further supports NASP having a role in guiding the transition from monomeric import to a heterodimer
capable of DNA deposition.

Unexpectedly, we found the ubiquitin ligase UBR7 in the same native fraction as NASP and H3
(Fig. 3). UBR7 has been previously implicated with chromatin processes. UBR7 associates with H3,
and its centromeric homolog CENP-A, (Campos et al., 2015; Foltz et al., 2009; Lambert et al., 2015;
Kleiner et al., 2018), with proposed interactions occurring between its PHD finger domain and the
methylated tail of H3 (Kleiner et al., 2018). Additionally, UBR7 is also responsible for H2BK120
directed monoubiquitin ligase activity (Adhikary et al., 2019). The function of UBR7 in the context
of soluble H3 is less clear, and need not relate directly to the major function of the NASP-H3, with
quantification suggesting it was roughly ten percent of the NASP-H3 pool. Similarly, we detect the
new chaperone C1QBP (Lin et al., 2021) bound to monomeric mutants of both H3 and H4 at similar
levels to UBR7. However, we do not see association with NASP, suggesting a potential upstream
function. The role of these new proteins in the histone chaperoning pathway will require further
analysis to reveal their true functions.

As a counterpart to NASP-H3, the holoenzyme HAT1-RBBP7 interacts with both monomeric his-
tone H4 mutants, suggesting that HAT1-RBBP7 may accept monomeric histones from Imp5 in the
nucleus. However, in our previous analysis, we could not isolate the amounts of H3 or H4 bound to
HAT1 for quantification of H3:H4 ratios (Apta-Smith et al., 2018). Thus, we have not been able to
ascertain whether HAT-RBBP7 interacts with a pool of monomeric H4 in the nucleus, analogous to
NASP’s interaction with H3. Structural characterisation of the homologous Hat1p-Hat2p complex
from yeast, suggests that dimerisation with H3 is not necessary for interaction with H4, which is me-
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diated predominantly with the H4 tail and α1 region (Li et al., 2014). The HAT1-RBBP7 complex is
responsible for lysine K5 and K12 acetylation in newly synthesied histone H4 (Verreault et al., 1998).
Interestingly, in native isolation of NASP-associated complexes, we find histone H4 K5 acetylation
peaking in bands that lack any significant HAT1 enzyme (Fig. 3), suggesting a temporal transition
from an earlier sub-complex of NASP-RBBP7-HAT1 where the catalytic activity may take place. The
low levels of ASF1 detected in this complex is notable, and may elude to transitory state in which the
TPR domain of NASP is still engaged with the C-terminal region of H3 which is necessary for ASF1
binding to H3-H4 (English et al., 2005; Natsume et al., 2007).

In summary, we propose a monomeric histone supply pathway for H3 and H4 fed by the importin
Imp5 that transfers histones to NASP and HAT1-RBBP7, respectively. In this model, NASP and
HAT1-RBBP7 provide a holdase function for monomeric histones that smooths imbalances in histone
production, negates the requirement for cytoplasmic folding and provides a kinetic pathway for the
assembly of the H3-H4 heterodimer.
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Materials and Methods

Cloning and plasmid material

Plasmids were constructed through a mixture of PCR cloning, annealed oligo ligation, gBLOCK
synthesis (IDT™) and Gibson assembly (Gibson, 2009). All constructs were sequence-verified by
Sanger sequencing. Plasmids can be found in Table S1. Primer sequence and DNA fragments are in
Table S2.

The open reading frame from Imp5 isoform 1 (Uniprot identifier: O00410-1) was amplified from
HeLa cDNA and ligated into pEGFP-C1 with XhoI and KpnI sites (EGFP-Imp5). For bacterial
protein expression Imp5, was re-cloned and digested with BamHI and NotI and ligated into pGEX-
6P1 (Cytiva) cut with the same enzymes. (His)6-sNASP, H3 and H4 histones constructs have been
detailed previously (Bowman et al., 2016, 2017).

The RAPID-release plasmids were used as previously published (Apta-Smith et al., 2018). In order to
contain the 2-component RAPID-release system in a single vector the tethered cassette (H3.2mCherry-
TVMVcsx2-FRB-OMP25) and the protease cassette (FKBP12-TVMV-AI) were cloned either side of
an Internal Ribosome Entry Site (IRES) in the vector pEGFP-IRES-Puro (Addgene #45567) replacing
the EGFP and Puro cassettes with the RR components to from pH3.1-mCherry-RR.

CRISPR knock-in cell lines were obtained following the D10ACas9 nickase using the paired guide RNAs
protocol (Ran et al., 2013). For the Homologous DNA Repair (HDR) template, 800 bp upstream
and downstream of the start codon from exon 1 of NASP and ASF1B were amplified from genomic
DNA, and ligated through Gibson assembly to EGFP and mCherry, respectively, so that an in-frame
5’ fusion to exon 1 was formed. This was cloned into pBlueScript II KS (+) as destination plasmid.
Guide RNAs were prepared as described, combining two complementary oligonucleotides with CACC
/ AAAC overhangs into D10ACas9 vector pX461-PSPCas9N(BB)-2A-GFP (Addgene #48140) cut
with BbsI.

For the inducible expression of H3-APEX-GFP-RR, the H3.1-APEX2-EGFP-2xTVMVcs-FRB-OMP25
–IRES– FKBP12-TVMV-AI (pH3-APEX2-EGFP-RR) construct was inserted through Gibson assem-
bly, using synthetic DNA fragment for APEX2 DNA sequence (IDT), into pcDNA™FRT/TO (Thermo)
plasmid for recombination in the HeLa Flp-In™ T-REx™ system. See plasmid sequences in Table S1
and primer sequences and DNA fragments in Table S2 for details.

Protein expression and purification

All recombinant proteins were produced in Rosetta Escherichia coli competent cells induced with
0.4 mM isopropyl-β-d-1-thiogalactoside (IPTG) at an OD600 of 0.6, unless otherwise stated. sNASP
was expressed overnight at 21 °C as an N-terminal (His)6 fusion construct and purified using Ni-NTA
affinity resin (Cytiva) and further purified by ion-exchange chromatography after cleavage of the (His)6
fusion by TEV protease as previously described (Bowman et al., 2016).

Importin-5 (Imp5) purification was addapted from Soniat et al. (2016). GST-Imp5 construct was
induced for 12 hours at 24 °C. Bacteria were pelleted and lysed in 50 mM Tris, pH 7.5, 150 mM sodium
chloride, 20% glycerol, 2 mM dithiothreitol, 1 mM EDTA, protease inhibitors and lytic cocktail (10
µg/mL RNase A, 100 µg/mL DNase I, 1 mg/mL Lysozyme) for 2 hours at 4 °C, followed by flash-
freezing in liquid nitrogen. Pellets were rapidly thawed at 37 °C and quickly placed on ice before
sonication with a Misonix sonicator (3 pulses ’on’ for 10 seconds and ’off’ 30 seconds with an amplitude
of 25). Imp5 was then purified with GST-trap resin (Cytiva) and further purified by anion-exchange
chromatography following overnight cleavage by 3C protease.

Full length Xenopus laevis histones H3 and H4 were purified and refolded as previously described
(Luger et al., 1997).
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Analytical gel filtration

Analytical gel filtration was carried out using a Superdex Increase 200 10/300 column (GE Healthcare)
in 20 mM HEPES-KOH pH 7.5 and 150 mM sodium chloride, unless otherwise stated. 0.6 ml fractions
were collected encompassing the void and bed volumes of the column. Proteins and complexes were
reconstituted at a concentration of 20 µM. Fractions were separated by SDS-PAGE and stained with
Coomassie Brilliant Blue (Instant Blue®, Abcam).

Competition assay and glycerol gradient ultracentrifugation

Purified Imp5 or sNASP were mixed with equimolar amount of histone H3 (20 µM final concentration)
in 20 mM HEPES-KOH pH 7.5, 150 mM sodium chloride, 2 mM magnesium acetate, 1 mM EGTA,
2 mM dithiothreitol and 10% glycerol and allow to equilibrate for 10 min on ice before spinning at
20,000 g for 20 min at 4 °C to remove any precipitate. The sample was loaded for size exclusion
chromatography on Superdex Increase S200 10/300 column (GE Healthcare) and central fractions
were pooled, concentrated with a 10 kDa concentrator and quantified.

For glycerol gradient ultracentrifugation, preformed Imp-H3 and sNASP-H3 complexes were combined
with an equimolar amount of sNASP or Imp5, respectively, and left to equilibrate for three hours on
ice before separation (adapted from (McClelland and McAinsh, 2009)). Briefly, protein mixtures were
diluted (at least 5-fold) to 6.25 µM or 1250 pmoles of protein in 200 µL of gradient loading buffer
(20 mM HEPES pH 7.5, 150 mM sodium chloride, 2 mM dithiothreitol, 1% glycerol) and gently
layered on a 5 mL gradient of 5–40% glycerol (20 mM HEPES pH 7.5, 150 mM sodium chloride,
2 mM dithiothreitol) made with Gradient Master (BioComp): Program Short Glycerol 5-40%. The
samples were spun on a pre-chilled Optima XPN-80L ultracentrifuge (Beckman Coulter), rotor Sw55Ti,
at 240,000 g for 14 hours at 4 °C. 200 µL fractions were manually collected, mixed 4:1 with 4xSDS
sample buffer, boiled for 5 min and loaded on 15% SDS-PAGE for Coomassie staining (Instant Blue®,
Abcam).

Tissue culture and cell lines

HeLa Kyoto cells (originally sourced from CRUK Cell Services, and cultured in house) were grown to
70% confluency in DMEM-Hi glucose (Gibco) supplemented with 10% heat-inactivated foetal bovine
serum (Sigma), 50 µg/ml penicillin/streptomycin at 37°C in a humidified incubator with 5% CO2. Cells
were passaged with 0.25% trypsin-EDTA and resuspended in complete media. Cells were transfected
following the Fugene® HD manufacturer’s instructions (Promega). The day before transfection, cells
were passaged, counted and plated at appropriate cell density (2.5x105 or 2.5x104 cells per well for a
6-well plate and an 8-well µ-slides (ibidi), respectively). Transfection mixtures contained 1 µg plasmid
DNA per 3 µL Fugene HD transfection reagent in 50 µL PBS. The transfection mixture was incubated
at room temperature for 10 min prior to addition to cells. Cells were transfected with 12.5 µL or 100
µL of the transfection mixture per well for an 8-well µ-slide or 6-well plate, respectively. Cells were
imaged 24-48 hours post-transfection.

To generate stable lines, HeLa or HeLa FRT cells were transfected as described above in 6-well plate
when 70% confluent. After 48 hours, the media was changed with media containing selection antibiotic
and split when required. 14 days after transfection, cells were sorted into fluorescent-positive single
cells through FACS.

HEK293-F cells were grown in suspension to 1x106 cells/mL with serum-free FreeStyle 293 expression
medium (Thermo Fisher), supplemented with 25 µg/ml penicillin/streptomycin, in a humidified incu-
bator with 8% CO2 and 120 rpm. HEK293-F cells were split 24 hours before transfection to 0.5x106

cells/mL, and transfected with 1 µg of DNA per 2x106 cells and 3 µg of linear PEI per 1 µg of DNA
in OptiMEM (60 µL per 1 µg of DNA), vortexed briefly and incubated at room temperature for 15
min before adding to the cells.
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CRISPR knock-in cell lines

HeLa CRISPR knock-in cell lines were obtained following the established protocol (Ran et al., 2013).
Briefly, cells were co-transfected with plasmids encoding upstream and downstream sgRNA, the
D10ACas9 nickase and a homology directed repair template on 6-well plates at 70% confluency using
FuGene® HD (Promega). Cells were allowed to recover for 7-10 days (splitting if necessary) before
single clone selection through flow cytometry.

Flow cytometry

Single HeLa and HeLa FRT cells were sorted with a BD FACSAria™ Fusion Flow Cytometer, using a
100 µm nozzle, gating FSC-A/FSC-H for singlets and laser compensation using negative and positive
controls. Cells were harvested by incubation with trypsin-EDTA for 5 min as before, and rinsed in
PBS twice by centrifugation at 200 g for 5 min at 4 °C. Then cells were resuspended in phenol red-
free DMEM supplemented with 2% FBS, filtered through a 50 µm Cell Strainer cap (Falcon) and
maintained on ice until flow cytometry. Cells were sorted into 96 well plates with 1000 µL 1:1 fresh
DMEM:conditioned DMEM (from pre-sorted medium) and 20% FBS.

Cell fractionation

Cell fractionation was performed following the REAP protocol (Suzuki et al., 2010) as previously
adapted by Apta-Smith et al. (2018). Either cells on plates or cells on suspension were washed twice
with PBS before collection. Cells on suspension were pelleted at 200 g, 5 min, 4 °C between washes.
Adherent cells were scraped into 1 ml ice-cold PBS and pelleted the same way before resuspension
in lysis buffer (0.1% NP-40 in PBS containing the protease inhibitors PMSF, aprotinin, leupeptin,
pepstatin and benzamidine).

Lysis was continued for 10 min on ice, before pelleting of the chromatin fraction for 10 min at 1,000
g 4 °C. The supernatant was again spun at 2,000 g 4°C, and then removed to a fresh tube and spun
for 20 min at 20,000 g to remove any membrane debris. For Co-IP experiments, in order to ensure
identical loading across samples, the amount of GFP-bound protein was assessed by running 6 µL of
final extract with 2 µL 4xSDS sample buffer (without boiling) on a Mini-PROTEAN TGX Precast Gel
(BioRad), visualised with LED488 illumination (G-box, Syngene) and quantified against recombinant
GST-EGFP using ImageJ software (Fig.S1).

Immunoprecipitation

Soluble cell fractions were bound to 10 µL per mL of lysate of GFP-Trap® (ChromoTek™) agarose
beads. Binding was allowed to proceed for 1 hour at 4°C with continual nutation. Beads were spun for
2 min at 250 g, 4 °C and washed once in 20 mM Tris–HCl pH 7.5, 400 mM sodium chloride and 0.1%
NP-40 (high salt buffer), followed by three washes in PBS + 0.1% NP-40, and one last wash in PBS.
For SDS-PAGE analysis, the beads were either boiled directly in 40 µL 2xLaemmli sample buffer. For
1D Native PAGE, the beads were incubated in PBS 2 µM dithiothreitol, at 4 °C for 16 hours with
TEV protease to release bait complexes. For mass spectrometery, the beads were washed four times
with 50 mM ammonium bicarbonate, alkylated in 10 mM TCEP, 40 mM CAA in 50 mM ABC for 5
min at 70 °C and incubated with 1 µg Trypsin per 100µg protein and digested at 37 °C overnight.

Native gel (1D) and 2D gel separation

After overnight TEV cleavage, soluble samples were separated from GFP-trap matrix by filtration
through 0.22 µm nilon filter (Co-star) spun at 2,000 g for 2 min at 4 °C. Protein complexes were con-
centrated to 25 µL in 30 kDa centrifugal concentrator (Vivaspin 500 Sartorius) and mixed with equal
volume of 2 x native gel sample buffer: 62.5 mM Tris-HCl, pH 6.8, 40% glycerol, 0.01% bromophenol
blue (BioRad). Three lanes were loaded with 15 µL each on a 4-20% polyacrylamide Mini-PROTEAN
TGX Precast Gel (BioRad) and run with 25 mM Tris, 192 mM glycine, pH 8.4 buffer. The gel was
run for 6 hours below 10 mA (20 min at 20 V, 30 min at 30 V, 60 min at 60 V, 120 min at 120 V
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and 120 min at 160 V). The gel lanes were longitudinally cropped, using one of them for Coomassie
staining, from which bands were cut and stored at -80 °C until mass-spectrometry analysis. Gel bands
were in-gel digested according to (Shevchenko et al., 2006). The other two lanes were incubated with
1xTris/glycine/SDS buffer for 15 min and then incubated with 2 x Laemmli sample buffer (BioRad)
for 15 min, heated twice for 15 seconds in the microwave (800 mA) and loaded on 15% polyacrylamide
gel for 2D separation. One gel was dedicated to Coomassie staining and the other one was used for
western blot analysis.

Coomassie stain and western blot analysis

Pellets of nuclear fractions were resuspended in lysis buffer with 1 µL benzonase (Sigma). The cy-
tosolic fractions were diluted in Laemmli sample buffer and boiled for 5 min. Samples were run on
15% acrylamide gels for separation of histones H3 and H4. Coomassie staining was performed with
InstantBlue (Abcam), following manufacturer’s instructions. Gels for western blots were transferred
using iBlot 2 Dry Blotting System (Thermo Fisher) onto a nitrocellulose membrane, blocked with 3%
powdered milk in TBS-T and then incubated at 4°C overnight with primary antibodies diluted in 3%
powdered milk or 3% BSA. Antibody dilutions were made at 1:1,000 ratios except anti-NASP (Apta-
Smith et al., 2018), which was diluted to 1:10,000-40,000). Membranes were washed with TBS-T and
then incubated for 1 h at room temperature with the HRP-conjugated secondary antibody. See Table
S3 for list of antibodies.

APEX biotinylation and sample preparation

Proximity biotinylation was performed according to (Lambert et al., 2015). Briefly, per condition, four
15 cms plates were induced for 24 hours with 0.5 µg/mL doxycycline for the expression of H3-APEX2-
EGFP-RR. Rapamycin (200 nM final) was added 120 min before harvesting to release histone H3-
APEX2-EGFP, compared to mock-treated cells (time 0). Thirty minutes before harvesting, cell media
was supplemented with biotin-phenol (Iris Biotech) to final concentration of 500 µM and incubated
for 30 min at 37 °C 5% CO2, before 200 µL per 15 cm plate of 100 mM H2O2 (final concentration 1
mM) was added and incubated for 1 min at room temperature with gentle shaking (100 mM stock was
prepared from fresh H2O2 Merck 30% w/w). The reaction was quenched by washing cells three times
with ice-cold 5 mM trolox, 10 mM sodium ascorbate, 0.03% sodium azide in PBS. Cells were scraped
off the plates and lysed with RIPA lysis buffer (50 mM Tris-HCl, pH 7.5, 150 mM sodium chloride,
0.1% SDS, 0.5% sodium deoxycholate, 1% Triton X-100, protease inhibitors (as detailed above) and
2 µL benzonase (Sigma)) for 20 min on ice. Lysates were clarified by centrifugation at 16,000 g for
10 minutes at 4 °C before protein concentration was determined by Bradford assay. 25 µL of Pierce™
High Capacity Streptavidin Agarose (Thermo Fisher) was used for each condition. Lysates of equal
protein concentrations were incubated with streptavidin beads for 60 min at 4 °C , washed twice with
cold lysis buffer, once with cold 1 M KCl, once with cold 100 mM sodium carbonate, once with cold 2
M urea in 50 mM ammonium bicarbonate and three times in 50 mM ammonium bicarbonate. Samples
were alkylated in 10 mM TCEP, 40 mM chloroacetamide in 50 mM ammonium for 5 min at 70 °C
and digested with 1 µg trypsin per 100µg protein 37 °C overnight. The pH was adjusted to 3.5 before
peptide storage at -20 °C for MS.

LC-MS/MS and data analysis

Peptides from on-gel digestion or on-beads digestion were analysed on a Orbitrap Fusion with UltiMate
3000 RSLCnano System (Thermo Scientific). The raw data were searched using MaxQuant software
(Version: 1.6.10.43) against UniProtKB Human database and the common contaminants database
from MaxQuant (Tyanova et al., 2016) from peptides generated from a tryptic digestion.

The software Scaffold (TM, Version: 4.8.9, Proteome Software Inc.) was used to validate MS/MS-
based peptide and protein identifications. With the exception of BioID experiments, peptide identifi-
cations were accepted if they could be established at 95% probability or higher by the Scaffold Local
FDR algorithm. Protein identifications were accepted if they could be established at 99% probability
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or higher and contained at least two identified peptides. For BioID experiments thresholds were 95%
for peptide identification, 95% for protein identification containing at least two peptides. Proteins
that contained similar peptides and could not be differentiated based on MS/MS analysis alone were
grouped to satisfy the principles of parsimony. Proteins sharing significant peptide evidence were
grouped into clusters.

Imaging

All images were captured using an UltraVIEW VoX Live Cell Imaging System (PerkinElmer) with a
37°C environmental chamber. Live cell imaging involved culturing cells in 8-well µ-slides (ibidi) and
replacing medium with 200 µL Leibovitz’s L-15 (L-15) medium (Thermo Fisher Scientific) supple-
mented with 4 mM l-glutamine and 50 µg/ml penicillin/streptomycin. If indicated, cells were stained
with 1 µg/ml Hoechst for 10 min and washed with PBS before addition of L-15 medium.

For RAPID-release experiments, Leibovitz’s medium containing 1 µM rapamycin was added directly
to the well resulting in a final concentration of 200 nM rapamycin. An initial image stack was taken
prior to rapamycin addition, serving as time 0, after which cells were imaged every minute for up to 30
min.For RAPID-release of tethered H3.1-mCherry and soluble EGFP-Imp5, cells were co-transfected
with H3.1-mCherry-RR and EGFP-Imp5 with release being performed as described above, allowing
H3.1 and Imp5 to be followed in the red and green channels, respectively. For RAPID-release of teth-
ered H3.1-mCherry and endogenous EGFP-NASP a stable cell line was used. Partitioning and quantifi-
cation of the images was carried out using ImageJ. Z-stacks spanning the cell were flattened into a max-
imum pixel intensity image. The cytosol and nucleus were manually partitioned for each cell, and the
nuclear enrichment over the cytosol was calculated for each time point. Values for individual cells were
normalised between 1 and 0 and plotted on the same axes for comparison. The Pearson’s correlation
coefficients between the mCherry (tethered histone) and the EGFP-Imp5 channels were calculated at
each time point using the ImageJ JACoP plugin (https://imagej.nih.gov/ij/plugins/track/jacop.html).
Values were normalised, taking the last pre-bleach image as 1 and the first post-bleach image as 0.
Error bars represent the s.e.m. of six individual experiments.

FRAP

H3.1-/H4-EGFP wild type and mutants (FD, HB) were transfected into HEK293-F cells and seeded
onto 8-well µ-slides (ibidi). FRAP experiments were performed using the same confocal microscope
as above, equipped with a PhotoKinesis FRAP module. Four pre-bleaching images of a single z-slice
were taken before circular regions approximating 2 µm diameter of the cell nucleus were bleached
using 30 iterations of the 405 nm laser at 50% power. Images were taken directly after bleaching, and
every 15 seconds up to 4 min. Image analysis was perfomed in ImageJ ROI manager to define three
areas: 1. bleached area, whole nucleus, and background. Values were normalised, taking the average
of pre-bleach images as 1 and the lowest post-bleach image as 0. Error bars represent the s.d. of at
least four individual experiments, containing each 2 to 5 bleached cells.

Protein complex prediction

sNASP residues 1-340 and H3 residues 116-135 were used for prediction. AlphaFold2 (Jumper et al.,
2021) was run from a Colab notebook using the AlphaFold2-Advanced template (Mirdita et al., 2021).
Sequences were used in a 1:1 stoichiometry and treated as separate cahins. The mmSeqs2 method of
multiple sequence alignment was implemented.
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