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The tail of replication-dependent histone H3.1 varies from that of replication-independent H3.3

at the amino acid located at position 31 in plants and animals, but no function has been assigned

to this residue to demonstrate a unique and conserved role for H3.1 during replication. Here,

we show that TONSOKU (TSK/TONSL), which rescues broken replication forks, specifically
interacts with H3.1 via recognition of alanine 31 by its tetratricopeptide repeat domain. Our
results indicate that genomic instability in the absence of ATXR5/ATXR6-catalyzed H3K27mel in
plants depends on H3.1, TSK and DNA polymerase theta (Pol 8). Overall, this work reveals

an H3.1-specific function during replication and the common strategy used in multicellular
eukaryotes for regulating post-replicative chromatin maturation and TSK, which relies on histone
mono-methyltransferases and reading the H3.1 variant.

One Sentence Summary:

The TPR domain of TSK reads the histone H3.1 variant to maintain genome stability.

Chromatin replication requires multiple regulatory mechanisms to ensure the maintenance
of genome integrity. One of these mechanisms relies on TONSOKU-LIKE (TONSL), a

key player in initiating homologous recombination (HR) when replication forks encounter
double-stranded DNA breaks (DSB) (1-8). In animals, TONSL is recruited to chromatin
via its ankyrin repeat domain (ARD), which specifically interacts with unmethylated histone
H4 lysine 20 (H4K20meO0) (1, 9). Post-replicative maturation of chromatin is accomplished
via SET8/PR-Set7/SETD8 (10-12), which mono-methylates H4K20 (H4K20mel) and thus
prevents TONSL from binding chromatin and initiating HR-based DNA repair outside of
DNA replication and the G, phase of the cell cycle (9). Comparative analysis shows that
plants contain a TONSL ortholog (TSK/BRUSHY1/MGOUNS3) (7, 8, 13), but are lacking
SETS. In line with this, the ARD domain of TONSL in animals is not conserved in TSK
orthologs (Fig. 1A) (1), thus indicating that post-replicative chromatin maturation in plants
is unlikely to depend on the methylated state of H4K20.

We reasoned that TSK might directly interact with histones in plants through a different
domain. Sequence alignment of TSK orthologs shows extensive similarity in the N-terminal
tetratricopeptide repeat (TPR) domain (fig. S1), which is conserved in animals (Fig. 1A)
(1, 4). Many TPR domains have been shown to bind long peptides (>20 a.a.) adopting

an extended conformation (14). We therefore hypothesized that one of the N-terminal
unstructured tails of histones could specifically interact with the TPR domain of TSK
(TPRTsK). To assess this, we performed /n vitro binding assays with Arabidopsis thaliana
TPRtsk and the tails of different histones. We detected binding of TPRtgk with H3
variants, with stronger binding for H3.1 compared to H3.3 (Fig. 1B). A preference for
TPRTsk to bind H3.1 over H3.3 was also observed using nucleosomes and in A. thaliana
protoplasts (fig. S2A-C). In vascular plants, amino acids 31 and 41 vary between the
N-terminal tails of H3.1 and H3.3 (Fig. 1C) (15). We created hybrid H3.1/H3.3,-GST
fusion proteins based on these differences and determined that only alanine at position

31 of H3.1 (H3.1A31) is required for the H3.1-binding specificity of TPRysk (Fig. 1D).
Variation at position 31 of H3 is also observed between replication-dependent H3.1/H3.2
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variants and the replication-independent H3.3 in mammals (Fig. 1C), and similarly to plant
TSK orthologs, the TPR domain of mouse TONSL also interacts preferentially with H3.1
compared to H3.3 (Fig. 1E). We then assessed the impact of TPRysk binding to H3.1 in
the context of methylation at different lysine residues in the N-terminal tail of H3.1. We
found that increasing levels of methylation at K4, K9, K27 and K36 negatively impact the
interaction of TPRygk to H3.1, with binding being most sensitive to methylation at K27
(Fig. 1F-G and fig. S2D). The binding profile of TSK on histone H3 suggests a preference
for binding newly synthesized H3.1 variants.

To gain mechanistic insights into how TSK discriminates H3.1 from H3.3, we solved the
crystal structure of the TPRysi-H3.1(1_45) complex at 3.17 A resolution by using the TSK
ortholog from Citrus unshiu (CuTSK) (fig. S1 and Table S1). TPRygk folds as eleven TPR
motifs placed in tandem, which collectively form a hollow solenoid tube (Fig. 2A-B and
fig. S3A). The C-terminal lobe of the tube is composed of TPR 6-11 and generates a wide
channel in which two segments of H3.1 (K4-K9 and K18-A24) are found along opposite
sides of its wall (Fig. 2A and C). In the center lobe, TPR 3-7 form a narrow tunnel that
encircles A25 to P30 of H3.1 (Fig. 2A and C). H3.1K27 is located inside a polar pocket
where its e-amine is surrounded by the side chains of Asp234, Cys238, Ser208 and the
backbone carbonyl groups of Asp234 and Gly246 (Fig. 2D). The polarity of this pocket
makes it non-conducive for the binding of hydrophobic moieties such as methyl groups, thus
explaining the large decrease in binding affinity of TPRtgk to H3.1 when K27 is mono- or
tri-methylated (Fig. 1G and fig. S2D). TPR 1-3 make up the N-terminal lobe of TPRysk,
which forms an open channel that accommodates P30 to R40 of H3.1 (Fig. 2A and C). A
deep pocket formed between a-helices 2-4 (TPR 1 and 2) is occupied by the side chain

of H3.1K36, where its e-amine is in close proximity to the carboxyl group of Asp54 (Fig.
2A, C, and E). The side chain of H3.1A31 is oriented towards the aliphatic portion of three
residues (Arg109, GIn113 and GIn72) strictly conserved among plant TSK orthologs (Fig.
2F and fig. S3A). These residues form a shallow pocket in which GIn113 and GIn72 also
likely interact with the H3.1 backbone via hydrogen bonds with the carbonyl group of G34
and the amide group of A31, respectively (Fig. 2F-G). Consistent with our binding assays
(Fig. 1B, D, G and fig. S2D), modeling an A31T substitution in H3.1 generates van der
Waals clashes between the Cy methyl group of T31 and the aliphatic chain of GIn113,

and similarly between the hydroxy! group of T31 and Arg109 (fig. S3B). We mutated
various amino acids of TPRtgk from different H3.1 binding pockets and validated that they
contribute to the TPRygKk-H3.1 interaction (fig. S3C). Overall, the structure of the TPRtgk-
H3.1 complex supports our finding that TSK preferentially binds the replication-dependent
H3.1 variant.

In plants, the histone H3K27 mono-methyltransferases ATXR5 and ATXR6 (ATXR5/6)
maintain genome stability by specifically methylating the H3.1 variant (H3.1K27me1)
during DNA replication (16-18). Loss of H3.1K27mel in atxr5/6 double mutants results

in genomic amplification of heterochromatin, transposon (TE) de-repression and disruption
of heterochromatin structure (17, 19). Additional work has shown that heterochromatin
amplification in atxr5/6 mutants is dependent on DNA repair (20). Therefore, ATXR5/6 may
play a role analogous to the mammalian H4K20 mono-methyltransferase SET8 in regulating
TONSL/TSK activity, with the difference that H3.1K27mel, not H4K20mel, is the key
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histone modification used in plants to prevent TSK from interacting with chromatin and
initiating DNA repair. To validate this model, we generated an atxr5/6 tsktriple mutant in
A. thaliana (fig. S4A). Flow cytometry analyses of atxr5/6 tsk mutants showed suppression
of heterochromatin amplification induced by the absence of H3.1K27mel, as represented
by the loss of the broad peaks corresponding to 8C and 16C endoreduplicated nuclei in
atxr5/6 mutants (Fig. 3A and fig. S4B). This result was confirmed by genome sequencing
of 16C nuclei from leaf tissue (Fig. 3B). We also observed transcriptional suppression of
the genome instability marker BRCA1, which is highly expressed in atxr5/6 but not in
atxr5/6 tsk (fig. S4C) (21). In addition, the number of chromocenters adopting a hollowed
sphere conformation characteristic of atxr5/6 mutants is decreased when 7S5Kis inactivated
(Fig. 3C and D) (20). Similarly, transcriptional de-repression in heterochromatin of atxr5/6
mutants is reduced when 7SKis inactivated (Fig. 3E and fig. S4AD-F) (Table S2). These
results indicate that the heterochromatic defects caused by the loss of H3.1K27mel in plants
are dependent on TSK.

In mammals, TONSL is recruited to newly replicated chromatin and promotes DNA
repair via HR at broken replication forks (1, 3-6, 9). Cell-cycle expression analysis in
synchronized tobacco cells indicates that 7SK'is specifically expressed in S phase (22),
which supports a conserved role for TSK during replication. To assess if H3.1K27mel
suppresses HR activity in plants, we used a reporter system for HR based on intra-
chromosomal recombination restoring activity at a colorimetric GUS transgene (23). Our
results show that GUS activity is much stronger in atxr5/6 mutants compared to wild-type
plants, but not in atxr5/6 tsk mutants (Fig. 3F and fig. S5), thus indicating a role for
H3.1K27mel in preventing TSK-mediated HR in plants.

The protein kinases ATM and ATR, which participate in the early signaling steps leading

to HR-mediated DNA repair (24), were previously shown to be required for inducing
heterochromatin amplification in atxr5/6 mutants (20). We therefore tested the contributions
of different DNA repair pathways to the phenotypes observed in atxr5/6 mutants. Mutating
non-homologous end joining (Ku70, Ku80, and LI/G4) or HR (RAD51, RAD54, and
BRCAZAIBRCAZb) genes did not have a major effect on heterochromatin amplification

in atxr5/6 mutants (Fig. 3G), although eliminating the HR recombinase RAD51 enhances
the morphological phenotypes of atxr5/6 mutants (fig. S6A). In contrast, RADI7plays

an important role in inducing heterochromatin amplification, loss of chromatin structure
and transcriptional de-repression in atxr5/6 mutants (Fig. 3G and fig. S6B—C). RAD17 is
responsible for loading the MRE11-RAD50-NBS1 complex that mediates DNA resection,
one of the initial steps of HR (25). In animals, DNA resection can also lead to substrates that
are repaired in an error-prone manner by Pol 6 via polymerase theta-mediated end-joining
(TMEJ), which can create large tandem duplications of 1 kb to 1 Mb (26). We introduced

a mutant allele of the A. thaliana POL Q/TEBICHI gene coding for Pol 0 in the atxr5/6
background and observed strong suppression of heterochromatin amplification and related
phenotypes (Fig. 3G and fig. S7TA-D). Taken together, these results show that genomic
instability in atxr5/6 mutants is caused by a TSK-dependent pathway involving TMEJ.

The specificity of ATXR5/6 and TSK for replication-dependent H3.1 led us to hypothesize
that this H3 variant is responsible for inducing TSK-mediated genomic instability in atxr5/6
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mutants. To test if A31 of H3.1 is required for heterochromatin amplification in the absence
of H3.1K27mel, we used a genetic system based on expression of the H3.1 point mutant
H3.1S28A that mimics the phenotypes of atxr5/6 mutants (Fig. 4A-F and fig. S8A) (27).
The S28A point mutation prevents H3.1K27 mono-methylation by ATXR5/6 (27), but does
not affect the binding of TPRygk to H3.1 (fig. S8B), thus supporting a role for H3.1K27mel
in preventing the interaction of TSK with H3.1 /in vivo. We then transformed A. thaliana
with a transgene expressing H3.1S28A A31T (A31 replaced with threonine, as in plant H3.3
variants), and observed suppression of the heterochromatin phenotypes (Fig. 4A-E and fig.
S8A), which demonstrates the importance of H3.1A31 in regulating TSK activity in plants.
The dependence of TSK on H3.1 explains why plants expressing H3.1A31T do not induce
heterochromatin amplification despite losing ATXR5/6-catalyzed H3.1K27mel (Fig. 4A)
(16). A role for H3.1A31 in mediating TSK activity is also supported by the observation
that plants expressing H3.1A31T are hypersensitive to genotoxic stress, similarly to #skand
h3.1 mutants (fig. S9A-F). We also used the H3.1S28A genetic system to assess the role

of K4, K9 and K36 of H3.1 in contributing to the interaction with the TPR domain of

TSK. Our in vivoresults show that alanine replacement at K4 and K36 almost completely
suppresses genomic instability and transcriptional de-repression mediated by expression of
H3.1S28A (Fig. 4F and fig. SI0A-D). These results are in line with /n vitro experiments
showing that H3.1K4A and H3.1K36A strongly disrupt binding of TSK to H3.1, but not
H3.1K9A (fig. S10E). Finally, we used CRISPR to create a septuple mutant background,
where all five H3.1 genes are inactivated, in addition to mutations in ATXR5/6 (atxr5/6
h3.1) (fig. S11A-B). In atxr5/6 h3.1 septuple mutants, both heterochromatin amplification
and transcriptional de-repression are suppressed (fig. S11C-D), thus confirming that the
H3.1 variant is required to induce these phenotypes. These results support that TSK

makes specific interactions with the N-terminal tail of the H3.1 variant /n vivoto disrupt
heterochromatin stability and silencing when H3.1K27me1l deposition is impaired.

Overall, this work uncovers a role for the TPR domain of TSK in selectively interacting
with the H3.1 variant. Previous work in human cell lines has shown that the TSK ortholog
TONSL co-purifies with H3.1 in affinity purification/biochemical fractionation assays (28),
and that TONSL-mediated dsDNA break repair depends on the H3.1 chaperone CAF-1

(2). These findings, combined with our identification of the TPR domain of TSK/TONSL
acting as an H3.1 reader, point to a model where post-replicative chromatin maturation

in plants and animals relies on similar mechanisms involving H3.1 and clade-specific
enzymes that mono-methylate histones to prevent TSK/TONSL binding (Fig. 4G). In plants,
mono-methylation occurs at H3.1K27 via ATXR5/6 and prevents binding of TSK through
the TPR domain. In animals, SET8-mediated mono-methylation at H4K20 interferes with
TONSL binding via the ARD domain (9). However, in both plants and animals, recruitment
of TSK/TONSL to chromatin likely relies on the ability of the conserved TPR domain

to preferentially interact with the H3.1 variant. Thus, our work reveals the importance of
selectively incorporating H3.1 variants during DNA replication, as it confers a window

of opportunity during the cell cycle for the TSK/TONSL DNA repair pathway to resolve
broken replication forks.
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Figure 1. The TPR domain of TSK specifically interacts with the N-terminal tail of theH3.1
variant.

(A) Domain architecture of animal and plant TONSL/TSK. TPR: Tetratricopeptide Repeats,
AS: Acidic Sequence, ARD: Ankyrin Repeat Domain, UBL: Ubiquitin-like, LRR: Leucine-
Rich Repeats. Conserved domains are shown in blue. (B) Pull-down assay using TPRtsk
and GST tagged with the N-terminal tails of histones H2A.Z, H2A.X, H2B, H3.1, H3.3 and
H4 from plants. (C) Representation of plant and mammalian H3.1/H3.2 (blue) and H3.3
(red) H3 variants. Thin lines and blocks represent the histone tails and cores, respectively,
and numbers indicate amino acid positions in H3. (D) Peptide pull-down assay using plant
TPRtsk and GST tagged with the tails of histones H3.1, H3.3, H3.1A31T and H3.1F41Y.
(E) Peptide pull-down assay using mouse TPRtonsL and biotin-tagged histones H3.1 and
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H3.3 (full-length proteins) from mammals. (F) Peptide pull-down assay using plant TPRysk
and methylated peptides at K4, K9, K27 and K36 of H3.1 (a.a. 1-45). The red arrow
indicates a gel lane that was removed. (G) ITC assay using plant TPRtgk and different H3
peptides.
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Figure 2. Crystal structure of plant TPRTgk bound to the H3.1 tail.
(A) The TPR domain is depicted as a cartoon (top) or a cylinder (bottom) with individual

TPR motifs as distinct colors. H3.1 is shown as surfaces (top) or line (bottom). (B) Channel
view of the TPR solenoid tube showing the space inside the tube where H3.1 is extended
(represented as a green line). (C) Surface representation of the TPR domain shown as
electrostatic potential gradients contoured from +5.000 4B 7&™1 (blue) to —5.000 4B 71
(red), where eis the electron, T'is temperature and AB is the Boltzmann constant. H3.1 is
depicted as sticks. The N-terminal lobe (N-lobe) is rotated 180° along the horizontal axis
relative to the center lobe and the C-terminal lobe (C-lobe). The surface of the center lobe is
sectioned off to reveal the underlying segment of H3.1. (D, E, and F) Amino acid residues
from TPR1gk (3-letter code) interacting with H3.1 residues (1-letter code) in their binding
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pockets are shown for D) K27, E) K36, and F) A31. (G) Surface representation of the
H3.1A31 binding pocket. Surface colors correspond to that of TPR helices shown in panel F.
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Figure 3. Mutationsin TSK suppress heterochromatin amplification of atxr5/6 mutants.
(A) Flow cytometry profiles of Col, atxr5/6, tskand atxr5/6 tsk leaf nuclei. The numbers

below the peaks indicate ploidy levels of the nuclei. The numbers above the 16C peaks
indicate the robust coefficient of variation (rCV). (B) Chromosomal view (Chromosome 3 of
A. thaliand) of DNA sequencing reads from sorted 16C nuclei. The pericentromeric region
is highlighted in gray. (C) Leaf interphase nuclei of Col, atxr5/6, tsk and atxr5/6 tsk stained
with DAPI. (D) Quantification of nuclei from experiment shown in panel C. Error bars
indicate SEM. (E) Heat map showing the relative expression levels of atxr5/6-induced TEs
as measured by TPM (transcripts per million). (F) Average number of blue spots per leaf in
Col and atxr5/6 mutants as determined using a GUS reporter for homologous recombination.
Error bars represent SEM. Welch’s ANOVA followed by Dunnett’s T3 test: * p < 0.0001.
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(G) rCV values for 16C nuclei obtained by flow cytometry analyses. Each dot represents
an independent biological replicate. Horizontal bars indicate the mean. Error bars represent
SEM. Welch’s ANOVA followed by the Dunnett’s T3 test: * p< 0.05.
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Figure4. H3.1isrequired to mediate genomic instability in atxr5/6 mutants.
(A) Flow cytometry of leaf nuclei. Numbers below the peaks indicate ploidy, and those

above indicate rCV. (B) Leaf nuclei of Col, atxr5/6, and first-generation (T1) H3.1 lines
stained with DAPI. (C) Quantification from nuclei in B. Error bars indicate SEM. (D, E)
RT-qPCR of BRCA1 and 75/. Horizontal bars indicate the mean. Welch’s ANOVA followed
by the Dunnett’s T3 test: * p< 0.05, ** p< 0.001. (F) rCV for 16C nuclei obtained by

flow cytometry. For Col and atxr5/6, each dot represents a biological replicate. For the H3.1
lines, each dot represents one T1 plant. Horizontal bars indicate the mean. Welch’s ANOVA
followed by the Dunnett’s T3 test: * p< 0.05, n.s. = not significantly different. (G) Model
depicting the interplay between H3.1, TSK and ATXR5/6 during replication. Step 1. TSK
cannot interact with chromatin containing H3.3K27me0 or H3.1K27me1l. Step 2. Newly
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synthesized H3.1 (H3.1K27me0) in complex with TSK are inserted at replication forks. Step
3. DSBs caused by broken replication forks are repaired by TSK. Step 4. Mono-methylation
of newly inserted H3.1 (but not H3.3) at K27 by ATXR5/6 prevents binding of TSK.
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