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The onset and regulation of mitosis is dependent on phosphorylation of a wide array of proteins. Among the proteins
that are phosphorylated during mitosis is histone H3, which is heavily phosphorylated on its N-terminal tail. In addition,
large-scale mass spectrometry screens have revealed that histone H3 phosphorylation can occur at multiple sites within
its globular domain, yet detailed analyses of the functions of these phosphorylations are lacking. Here, we explore one
such histone H3 phosphorylation site, threonine 80 (H3T80), which is located on the nucleosome surface. Phosphorylated
H3T80 (H3T80ph) is enriched in metazoan cells undergoing mitosis. Unlike H3510 and H3528, H3T80 is not phosphorylated
by the Aurora B kinase. Further, mutations of T80 to either glutamic acid, a phosphomimetic, or to alanine, an unmodifi-
able residue, result in an increase in cells in prophase and an increase in anaphase/telophase bridges, respectively. SILAC-
coupled mass spectrometry shows that phosphorylated H3T80 (H3T80ph) preferentially interacts with histones H2A and
H4 relative to non-phosphorylated H3T80, and this result is supported by increased binding of H3T80ph to histone octam-
ers in vitro. These findings support a model where H3T80ph, protruding from the nucleosome surface, promotes interac-
tions between adjacent nucleosomes to promote chromatin compaction during mitosis in metazoan cells.

Introduction

The nucleosome is the basic repeating unit of DNA packaging
in eukaryotes. It is composed of 2 of each of the 4 core histones,
H2A, H2B, H3, and H4, around the outside of which is wound
approximately 146 base pairs of DNA.! The nuclear genome is
packaged into regular arrays of nucleosomes, which are further
compacted by higher-order folding. Chromatin is compacted
even more tightly during mitosis to facilitate chromosome seg-
regation without breaking the DNA. However, the mechanisms
by which mitotic chromatin compaction occurs are not clear, but
appear to involve histone modification.

Histones are heavily modified by a wide range of post-transla-
tional modifications (PTMs), including phosphorylation, meth-
ylation, acetylation, and ubiquitylation. These modifications
form a decipherable code, the “histone code”, which is written
by histone modifying enzymes, or “writers”, and understood by
effector proteins, or “readers”.? Translation of this code plays an
essential role in multiple cellular processes, including transcrip-
tional regulation, DNA replication, DNA repair, and cell cycle
progression. The vast majority of histone modifications occur on
the N-terminal tails of histones. Those that are located on the
histone globular domains are most abundant at the DNA-his-
tone interface, where they appear to help regulate DNA-histone
interactions.’?
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Of the 4 core histones, H3 is the most heavily modified. H3
has several phosphorylation sites, including threonine 3 (H3T3),*
serine 10 (H3S10),’ threonine 11 (H3T11),° serine 28 (H3S528),”
threonine 45 (H3T45),® threonine 80 (H3T80),'2 and threonine
118 (H3T118)." Of these residues, the first 4 are located within
the H3 N-terminal tail, and have been characterized previously.
Both H3S10 and H3S28 are phosphorylated during mitosis by
Aurora B kinase,"'® which is recruited to the centromeres upon
phosphorylation of H3T3.” H3S10ph frequently occurs in the
presence of methylation of the adjacent lysine residue, lysine 9
(H3K9). Here, the phosphorylation of H3S10 serves as a mecha-
nism to disrupt the binding of the H3K9 methyl-binding protein
HP1."%" The timing of phosphorylation of H3S10 and H3528
correlates with mitotic chromatin condensation, which begins in
late G,.7 In Tetrahymena, phosphorylation of H3S10 is essen-
tial for both proper chromosome condensation and segregation.?’
However, in mammals, H3S10 is dispensable for both of these
functions.?** This leaves open the possibility that another his-
tone modification at a different site may be important for chro-
mosome condensation in metazoans.

Unlike the N-terminal phosphorylation sites, phosphoryla-
tion sites within the globular domain of H3 are poorly character-
ized. These sites include H3T45, H3T80, and H3T118. Unlike
H3T45 and H3T118, which are located at the DNA-histone
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interface, H3T80 projects from the surface of the nucleosome.
This position of H3T80ph makes it less likely to influence
DNA-histone interactions, but more likely to be accessible to one
or more reader proteins. Similar to H3510 and H3528, H3T80
is located adjacent to a lysine residue (H3K79), that is known to
be mono-, di-, and tri-methylated.”* Despite the identification
of H3T80 phosphorylation (H3T80ph) in mammalian cells in
4 mass spectrometry studies, it has never been observed in the
presence of H3K79 methylation (H3K79me).'? Nonetheless,
Martinez et al. used a commercial H3K79me3T80ph antibody
to study histone H3K79me3T80ph in vivo.?* However, our data
shows that the H3K79me3T80ph antibody used previously actu-
ally recognizes H3K9me3S10ph, calling into question not only
the existence of the H3K79me3H3T80ph dual modification, but
also its dependence on the Aurora B kinase, and the proposed
link between this dual modification and cancer. Furthermore,
it highlights that H3T80ph, shown to exist via mass spectrom-
etry studies, has not yet been characterized in vivo. Here we
demonstrate, using an antibody specific to H3T80ph, that it is
enriched during mitosis, but unlike other mitotic H3 phsophory-
lation marks such as H3S10ph and H3S28ph,"*'® H3T80ph is
not dependent on the Aurora B kinase and does not initiate at
pericentric heterochromatin. Furthermore, mutations to pre-
vent or mimic H3T80 phosphorylation result in mitotic defects.
Functionally, phosphorylated H3T80 binds to other core his-
tones leading us to propose that H3T80ph may promote chro-
matin condensation during mitosis.

Results

A commercially available H3K79me3T80ph antibody rec-
ognizes H3K9me3S10ph

Like most histone H3 residues, both H3T80 and the adja-
cent H3K79 are highly conserved (Fig. 1A). Spatially, H3T80
and H3K79 are located on the nucleosome surface with H3T80
positioned in such a way that it protrudes from the surface
(Fig. 1B).! Previous work using a commercially available anti-
body raised against a H3K79me3T80ph peptide concluded that
H3K79me3T80ph serves as a mitotic indicator in melanoma
samples.”® However, the staining pattern yielded by this antibody
within the cell and the ablation of this signal by inhibitors of
Aurora B kinase suggested to us the possibility that this puta-
tive H3K79me3T80ph antibody might recognize the highly
abundant dual modification H3K9me3S10ph.>'*'® Therefore,
we tested the specificity of this antibody (MC491) in 3 ways:
dot blots with modified and unmodified H3 peptides; immu-
noblot analyses using lysates from cells lacking the H3K79
methyltransferase Dotl1L;¥ and indirect immunofluorescence
in cells reduced in their capacity to phosphorylate H3S10. On
dot blots, and consistent with earlier work,?® the MC491 anti-
body did not recognize H3S10ph alone. However, when the dual
H3K9me3S10ph peptide was used, the MC491 antibody recog-
nized both H3K9me3S10ph and H3K79me3T80ph peptides to
similar extents (Fig. 1C). Immunoblot analyses revealed that the
MC491 antibody recognized epitopes in both wild-type chicken
DT40 cells and those lacking DotlL, showing that it does not
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require methylation of H3K79 for epitope recognition (Fig. 1D).
Likewise, indirect immunofluorescence analyses of HeLa cells
treated with Hesperadin, an inhibitor of the Aurora B kinase
that phosphorylates H3S10, resulted in a nearly complete loss of
the MC491 antibody signal at concentrations that led to a pro-
nounced reduction of H3S10ph signal (Fig. 1E). These data show
that the MC491 antibody lacks specificity for H3K79me3T80ph
in vitro and recognizes an epitope that is indistinguishable from
H3K9me3S10ph in vivo. We also tested the specificity of a poly-
clonal H3K79me3T80ph antibody (Millipore 07-528) and
found that it too recognized H3K9me3S10ph (data not shown).
Given that there is no evidence for the coexistence of H3K79me3
and H3T80ph in vivo, we propose that the previous results
obtained with this antibody?® were all due to its recognition of
the abundant dual modification H3K9me3S10ph in cells.

Generation of an antibody specific for H3T80ph

To discover for the first time the cellular localization of
H3T80ph, we raised a rabbit monoclonal antibody against
H3T80ph. Peptide dot blot analyses showed that multiple inde-
pendent monoclonal antibodies recognized H3T80ph, but not
other H3 phospho-residues, including H3S10ph. Furthermore,
these antibodies recognized H3T80ph independent of the meth-
ylation state of the adjacent lysine residue (Fig. 2A and data not
shown). The H3T80ph antibodies do not recognize any pro-
teins, including H3, in western blots, indicating that they may
only recognize the epitope containing H3T80ph when it is in
a native conformation. To test whether or not the H3T80ph
antibodies recognized full-length native H3, they were used for
immunoprecipitation experiments. The H3T80ph antibodies
immunoprecipitated histone H3 from cells that had been arrested
at prometaphase with colcemid,? but not detectably from asyn-
chronous cells (Fig. 2B and data not shown). This demonstrated
that the H3T80ph antibodies recognized the native H3 pro-
tein and that H3T80ph may be a mitotically enriched histone
modification. To confirm that the H3T80ph antibody specifi-
cally recognized native H3T80ph in cells, we performed indirect
immunofluorescence-based peptide competition assays in Hela
cells. H3T80ph staining was competed away by an H3T80ph
peptide, but not by the other phospho-H3 peptides including
H3S10ph and H3K9me3S10ph (Fig. 2C). Finally, in contrast to
the MC491 and H3S10ph antibodies (Fig. 1D), anti-H3T80ph
signal was retained following Aurora B kinase inhibition with
Hesperadin (Fig. 2D), even at concentrations that almost com-
pletely prevent H3S10ph detection. These experiments demon-
strate that the H3T80ph antibody is specific for H3T80ph, and
that the kinase that phosphorylates H3T80 is not the Aurora B
kinase.

H3T80ph is enriched in mitosis in metazoan cells

Given that the H3T80ph antibody only precipitated H3 from
cells arrested in mitosis (Fig. 2B), we wanted to further analyze
the abundance of H3T80ph throughout the cell cycle. Flow
cytometry analysis of HeLa cells showed that less than 4% of
cells had H3T80ph signal above background levels, and these
positive cells all had a 4N DNA content (Fig. 3A). This find-
ing is not limited to HeLa cells nor cancer cell lines, as HCT-
116, MCF7 (cancer cell lines), and MCF10A (non-cancer cell
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line) cells all displayed a similar enrichment of H3T80ph in
cells with a 4N DNA content (Fig. 3B). However, not all cells
with a 4N DNA content were positive for H3T80ph, indicat-
ing that H3T80ph is unlikely to be enriched through all stages

of G,/M. Consequently, the precise
spatial-temporal  localization  of
H3T80ph during mitosis was exam-
ined via indirect immunofluorescence
analysis in HeLa cells. H3T80ph was
not detectable during interphase and
became visible on chromatin in pro-
phase. H3T80ph was maintained
on the chromatin from prophase
through metaphase, apparently being
distributed throughout all regions of
the chromosomes, but was no longer
detectable in anaphase (Fig. 3C). In
addition to the chromosomal staining
of H3T80ph, H3T80ph is also appar-
ent in the centrosomes during mitosis
(see discussion). Taken together, these
data show that H3T80ph is present
on chromatin from prophase to meta-
phase of mitosis.

Histone H3 and the region
around H3T80 are highly conserved
(Fig. 1A), leading us to examine
whether H3T80ph was also conserved
in other eukaryotes. We were unable
to detect any H3T80ph in either bud-
ding yeast or fission yeast by immu-
nofluorescence (data not shown).
However, H3T80ph was clearly pres-
ent on the metaphase chromosomes of
Drosophila S2 cells (Fig. 4A) and from
prophase to early anaphase in mouse
MM3MG cells (Fig. 4B and C). In
the MM3MG cells, the H3T80ph
levels were reduced by early anaphase
and undetectable by late anaphase
(Fig. 4C). Notably, H3T80ph foci
were observed in MM3MG cells in the

Figure 1. The commercial MC491
H3K79me3T80ph antibody recognizes
H3K9me3S10ph. (A) Table showing the
sequence identity surrounding the
H3T80 residue. (B) Crystal structure of
the nucleosome core.”” H3T80 is indi-
cated in red and H3K79 is indicated in
green. (C) Dot blot analysis of MC491
using decreasing quantities of the indi-
cated peptides. (D) Western blot analy-
sis of MC491 using wild-type DT40 cells
and Dot1L7~ DT40 cells.?® H3K79me2 and
H3S10ph were used as controls. (E) MC491
and H3S10ph staining of Hela cells with
or without Hesperidin treatment.
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very early stages of mitosis that had already acquired H3S10ph
(Fig. 4C). H3S10ph foci are known to initiate at the centromere
before spreading throughout chromatin’ To determine whether
or not H3T80ph foci were also present at the centromeres, cells
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Figure 2. A new Histone H3T80ph antibody is specific. (A) Serially diluted peptides were dotted on PVDF membrane and probed with anti-H3T80ph.
The antibody detects H3T80ph regardless of whether or not the adjacent lysine 79 is methylated. (B) Immunoprecipitation of H3 with H3T80ph antibody
from prometaphase-arrested or asynchronous Hela cells, probed with an anti-histone H3 antibody. (C) Peptide completion assays using the H3T80ph
antibody competed against the indicated peptides. Antibody-peptide complexes were removed by centrifugation, and the remaining supernatant was
used for immunofluorescence of formaldehyde-fixed HelLa cells. Shown are metaphase cells. (D) H3T80ph and H3S10ph staining of Hela cells treated
with 0-100 nM of Hesperidin.

were examined for the coincidence of H3T80ph and H3S10ph  localization. The identity of the chromosomal localization of the
foci. H3T80ph foci did not co-localize with the most intense  H3T80ph foci in late G,/early mitosis is not known, but this
H3S10ph staining at the centromeres (Fig. 4C, first column), data indicates that H3T80ph does not initiate at pericentric het-
indicating that H3T80ph foci are not reflecting centromeric  erochromatin, as is the case for H3S10ph and H3S28ph. This
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Figure 3. Histone H3T80 phosphorylation is enriched in mitosis. (A) Flow cytometry analysis of HeLa cells stained with anti-H3T80ph antibody using
goat anti-rabbit Alexa Fluor® 488 as a secondary antibody and counter stained with propidium iodide (PI). Top left: The cell cycle profile using prop-
idium iodide staining alone. Top right: Scatter plot of anti-H3T80ph staining vs. Pl. Bottom: Cell number vs. anti-H3T80ph staining intensity during
each phase of the cell cycle. The green arrow in the G, panel indicates the cells where anti-H3T80ph staining was enriched over background. (B) Flow
cytometry analysis of HCT-116, MCF7, and MCF10A cell lines stained with anti-H3T80ph antibody using goat anti-rabbit Alexa Fluor® 488 as a secondary
antibody and counter stained with PI. (C) Immunofluorescence analysis of methanol fixed HeLa cells using histone H3T80ph antibody. Arrows indicate

centrosomes.
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separation of localization underscores a potential separation of
function for the H3S10ph and H3T80ph mitotic markers.

Mutations in H3T80 result in mitotic phenotypes

Because H3T80ph localizes to chromatin in mitosis, we
asked whether loss of the phospho-regulation of histone H3
at this site might interfere with mitotic events. To do this, we
transiently transfected, exogenous V5-His tagged wild-type and
mutant histone H3T80 constructs into HeLa cells. The H3T80
mutations were designed to be either non-phosphorylatable

A H3T80ph DAPI

B Interphase Prophase = Prometaphase

C G2/Prophase Prometaphase Metaphase

H3T80ph

Merged
w/ DAPI

Figure 4. Histone H3T80 phosphorylation is conserved across metazoans. (A) Immunofluorescence
analysis of Drosophila S2 cells using anti-H3T80ph antibody. Anti-a-tubulin staining was used to
determine mitotic phase and to mark spindles. (B) Top: Immunofluorescence analysis of mouse
MM3MG cells using anti-H3T80ph antibody. Middle: Anti-H3T80ph staining was compared with
anti-a-tubulin staining. Bottom: Anti-H3T80ph and anti-a-tubulin staining merged with DAPI.
(C) Top: Immunofluorescence analysis of mouse MM3MG cells using anti-H3T80ph antibody. Middle:
Anti-H3T80ph staining was compared with anti-H3S10ph staining. Bottom: Anti-H3T80ph and anti-

H3S10ph staining merged with DAPI.
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Metaphase

E. Anaphase

(T80A) or to mimic constitutive phosphorylation (T80E). After
verifying that the WT and mutant tagged proteins were associ-
ated with chromatin (Fig. 5A, B, and D), asynchronous cells
were examined and categorized based on 3 parameters: (1) the
phase of mitosis; (2) whether unaligned chromatin was present
at metaphase; and (3) whether chromatin bridges were present
in anaphase/telophase. These analyses showed that while there
was no change in the percentage of the H3T80A mutants in any
of the mitotic phases relative to WT, the H3T80E mutants dis-
played a small but significant increase in
the number of cells in prophase, defined
here based on the presence of a circular

Merge

or near circular nucleus with condensing
chromatin (Fig. 5A). Conversely, at ana-
phase, the H3T80A mutation, but not
the H3T80E mutation, resulted in a sig-
nificant increase in the number of cells
with anaphase/telophase bridges, which
L. Anaphase have been associated previously with
improper chromatin compaction®?°
(Fig. 5B). No statistically significant
defects in chromosome alignment at
metaphase were detected for any of the
H3 constructs (Fig. 5B). The transiently
transfected histones were expressed to
similar levels as each other, and they
represented < 8% of the endogenous H3
level (Fig. 5C), making the observed
mitotic phenotypes much more strik-
ing and highlighting the possible
importance of H3T80ph for mitosis.
In addition to these transient expres-

sion experiments, we also generated cell
lines stably expressing wild-type H3 and
H3T80E; however, H3T80A expression
was not tolerated (data not shown), con-

L. Anaphase

sistent with what might be expected due
to more cells experiencing the mitotic
defects described above.

H3T80ph preferentially binds to
histone H2A and H4

To gain more insight into the molecu-
lar function of H3T80ph we used SILAC

(stable isotope labeling by amino acids in

cell culture) coupled mass spectrometry
to identify potential binding partners for
H3T80ph and H3T80 (Fig. 6A). The
analysis uncovered 25 proteins that pref-
erentially bound the H3T80ph peptide
(Tables S1 and S2), including histones
H2A and H4 (Fig. 6B and C). For the
unmodified peptide, several kinases were
enriched binding to H3T80 (Table S3),
but they were either cytoplasmic or
were discounted as the H3T80 kinase
by inhibitor experiments (Table S4).
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Figure 5. Expression of histone H3T80 mutants results in mitotic phenotypes. Hela cells transiently expressing either wild type, T80A (unmodifiable),
or T80E (phosphomimic) H3.1-V5/6xHis evaluated 48 h post transfection. (A) Cells were fixed and immunofluorescence was performed to detect V5
tagged H3.1 (red) and gamma tubulin (green). A representative cell is shown. Mitotic cells (300-500) were counted in each experiment and were classi-
fied based on their mitotic stage. Data shown is the average of 4 independent experiments. (B) The percentage of metaphase cells and anaphase/telo-
phase cells from (A) with mitotic defects. A representative cell is shown with an arrow indicating the corresponding mitotic defect. (C) Representative
western analysis of transfected cells using an N-term H3 antibody. The percentage of H3.1-V5/6xHis relative to the amount of total H3 is shown.
(D) Immunofluorescence analysis of HeLa cells in prometaphase transiently expressing wild type, T80A, or T80E H3.1-V5/6xHis.

Therefore, a KinaseFinder (ProQinase) screen was performed in
which 190 serine/threonine kinases were evaluated by in vitro
kinase assays for their ability to phosphorylate an H3T80 peptide
(Fig S1). An arbitrary threshold of 1500 cpm was set, and kinases
that met this threshold or were near it and had known chromatin
associations were subsequently tested by looking for a reduction
or loss of H3T80ph immunofluorescence signal in HeLa cells
grown in the presence of specific kinase inhibitors and/or shR-

NAs (Table S4). None of the tested kinases affected the levels of

446 Cell Cycle

H3T80ph in vivo. Notably, VRKI, a known H3T3 and H3S10
kinase, showed some ability to phosphorylate H3T80 in the
kinase screen, but further evaluation in cells has not been pos-
sible, because H3T80ph is only seen during mitosis and loss of
VRKI leads to G, arrest.”’ However, VRK1 is unlikely to phos-
phorylate H3T80, as Kang and colleagues showed via in vitro
kinase assays that H3T3 and H3S10 are the only H3 sites phos-
phorylated by VRK1.%? As such, the phosphorylation of H3T80
does not appear to be mediated by the kinases that phosphorylate
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(D) In vitro binding assay using recombinant histone octamers and the indicated peptides. (E) In vitro binding assay using recombinant histone octam-
ers and the indicated peptides. Histogram is the average of 2 experiments. Representative western analysis of bound histone octamers using anti-
histone H3. Histogram shows fold change over no peptide. (F) Two histone octamers from the tetranucleosome structure as solved by Schalch et al.3*

H3T80 is highlighted in red and H2AK74 is highlighted in orange.
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the other H3 residues, and the H3T80 kinase currently remains
unknown.

To independently verify that H3T80ph peptides can bind spe-
cifically to H2A and H4, we compared the ability of the H3T80ph
peptide to bind histone octamers in in vitro binding assays. We
consistently found that the H3T80ph peptide bound to the his-
tone octamer 2-3-fold better than the unmodified H3T80 pep-
tide and consistently better than the other phospho-histone H3
peptides, suggesting that the interaction cannot be attributed to
H3 or phosphorylation alone (Fig. 6D and E). Given that the
H3T80 side chain protrudes from the nucleosome surface, it is
unlikely to promote intra-nucleosomal interactions, but rather
inter-nucleosomal interactions, such as with the adjacent nucleo-
some. We propose that H3T80ph on one nucleosome interacts
with H2A and H4 on the adjacent nucleosome to promote chro-
matin compaction during mitosis (Fig. 6F and discussed below).

Discussion

In this work, we provide the first characterization of a new
histone modification, H3T80ph. We show that H3T80ph is a
mitotic histone modification in human, mouse, and Drosophila
cells. Mutation of H3T80 to mimic or prevent phosphorylation
leads to mitotic delay and elevated levels of chromatin bridges,
respectively, indicating that H3T80ph promotes normal events
in mitosis. Protein—protein interaction analyses indicate that
H3T80ph binds to histones, and given that this modification
protrudes from the nucleosome surface, we propose that it medi-
ates interactions with the adjacent nucleosomes to promote chro-
matin compaction during mitosis.

In addition to being spread throughout the chromatin dur-
ing prophase-metaphase, H3T80ph is also seen at or near the
centrosome at approximately the same cell cycle stages. It has
been previously established that the proteasome can associate
with centrosomes,* and we have evidence that excess free histone
H3 is transported to the centrosomes for degradation specifically
during mitosis (CL Wike and JK Tyler, unpublished data). Here,
we focused on the function of H3T80ph within the chromatin,
which we believe is independent of its role at the centrosomes.

The identification of histones H4 and H2A binding preferen-
tially to the phosphorylated H3T80 peptide (Fig. 6B and C), and
the finding that H3T80 phosphorylation enhances the interac-
tion with histone octamers (Fig. 6D and E) suggests the possibil-
ity that H3T80ph may promote interactions with other histones.
Given that H3T80ph protrudes from the nucleosome surface, we
examined the tetranucleosome structure® to explore a potential
model by which H3T80ph may enhance interaction with the
adjacent nucleosome. To make H3T80 more apparent in the tet-
ranucleosome model, we removed 2 of the nucleosomes, as well
as the DNA. This simplified rendering reveals that H3T80ph is
located close to histone H2A lysine 74 (H2A K74) of the adja-
cent histone octamer (Fig. 6F). H2AK74 itself is flanked by
asparagine (H2AN73) and lysine (H2AK75) residues. These 3
residues are present at the end of « helix 2 and the beginning
of loop L2 of the H2A histone fold and possess the potential
and appropriate charge to interact with H3T80ph. This putative
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interaction between H3T80ph and H2A could assist in stabiliz-
ing the interactions between adjacent nucleosomes, thus aiding
chromatin compaction during mitosis. Specific H3T80ph inter-
acting residues on H4 are less obvious from the tetranucleosome
structure. However, the tetranuclesome structure® represents
only one model of nucleosome stacking,® making it conceiv-
able that histone H4 may interact with H3T80ph through any
of its exposed basic or amide residues. Noteworthy, the timing of
appearance and disappearance of H3T80ph during mitosis coin-
cides perfectly with the onset of chromatin compaction and the
loss of chromatin compaction, respectively, during mitosis. In the
future, biophysical analyses will be required to validate our pro-
posed model for the interaction between H3T80ph and H2A in
promoting chromatin fiber compaction. However, there is prec-
edent for a histone modification regulating chromatin compac-
tion, provided by acetylation of H4K16. The unacetylated H4
tail binds to an acidic patch formed by H2A/H2B on the surface
of the adjacent nucleosome promoting formation of the 30-nm
fiber, while acetylation breaks this interaction preventing chro-
matin fiber condensation.*

Even though the transiently expressed mutant histone H3
constitutes less than 10% of the total H3 in cells, expression of
H3T80A that cannot be phosphorylated results in a significant
increase in the percentage of mitotic cells with chromatin bridges
(Fig. 5B). Chromatin bridges can result from errors in a variety
of processes, including incomplete replication, telomere fusion,
and improper chromosome condensation.”?%% However,
H3T80ph was not enriched until after replication at prophase,
and its localization was not restricted to telomeres, making it
unlikely that the chromatin bridges due to H3T80A expres-
sion are due to incomplete replication or telomere fusion, and
more likely that there is a fault in chromosome condensation.
Mutational studies in S. cerevisiae imply that the H3T80 residue

40 in that organism, which is

lacks an important functional role’
consistent with the fact that mitotic chromosomes in yeast con-
dense by about 2-fold in contrast to metazoan chromosomes that
condense 4-50-fold during mitosis.*!

Expression of the phosphorylation mimic H3T80E resulted
in an increase in the proportion of cells in prophase (Fig. 5A),
which could be due to more rapid chromatin condensation upon
initiation of mitosis. While we have not ruled out the possibility
that there is a true prophase delay, we postulate that the increase
in H3T80E cells in prophase is not due to a delay in mitotic
progression, but instead reflects an increase in the kinetics of
chromatin condensation, resulting in their identification as pro-
phase cells earlier in mitosis, a phenomenon that is conceivable
if we take into consideration the fact that mitotic chromosome
condensation can occur independently of other mitotic processes,
particularly spindle assembly, as observed when cells are treated
with microtubule-destabilizing agents.?®

The identity of the H3T80 kinase may substantially enhance
our understanding of the function of H3T80ph. Consequently,
we tested multiple mitotic and non-mitotic kinases by in vitro and
in vivo methods (Table S4; Fig. S1) but did not find convincing
support for any of them mediating phosphorylation of H3T80.
It is notable that Haspin, an atypical protein kinase that bears
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little resemblance to the vast majority of protein kinases, appears
to exclusively phosphorylate H37T3,% and that DOTIL, the
methyltransferase for H3K79, is unusual among histone methyl-
transferases, as it lacks the SET domain common to the majority
of methyltransferases.?*** With this considered, it is conceivable
that the kinase for the adjacent H3T80 residue is also unique,
and thus not readily predictable.

In summary, our results demonstrate that H3T80ph is a
mitotic event that, while unique in its nucleosomal surface loca-
tion, is similar to other mitotic phosphorylations in the timing
of its addition and eventual removal from the mitotic chromatin.
We propose that the protrusion of H3T80ph from the nucleoso-
mal surface allows it to directly facilitate inter-nucleosome inter-
actions, providing a potential mechanism that underlies proper
chromosome condensation during mitosis in metazoans.

Materials and Methods

Cell culture

HeLa and MCEF7 cells were maintained in Dulbecco modi-
fied Eagle medium (DMEM) supplemented with 10% fetal
bovine serum and 1% penicillin/streptomycin. MCF10A cells
were maintained in DMEM/nutrient mixture F-12 supple-
mented with 5% horse serum, 1% penicillin/streptomycin, 10
mg/ml insulin, 1 mg/ml hydrocortisone, 25 pg/ml EGF, and 1
mg/ml cholera toxin. HCT-116 cells were maintained in McCoy
5a Medium with 10% fetal bovine serum and 1% penicillin/
streptomycin. MM3MG-HO cells were maintained in Dulbecco
modified Eagle medium supplemented with 10% fetal bovine
serum, 1% penicillin/streptomycin, 200 mM L-glutamine, 1%
non-essential amino acids, and 1 pg/ml puromycin. All mamma-
lian cell lines were maintained in 5% CO, at 37 °C. DT40 cells,
a chicken B-cell line, were maintained in RPMI 1640 medium
supplemented with 10% fetal bovine serum, 1% chicken serum,
50 uM B-mercaptoethanol, and 1% penicillin/streptomycin
in 5% CO, at 40 °C. Drosophila S2 cells were maintained in
Schneider’s medium supplemented with 10% fetal bovine serum
at room temperature.

Western blots

Approximately 2 x 10° cells were lysed with 200 .l of Laemmli
buffer (4% SDS, 20% Glycerol, and 120 mM Tris pH 6.8). Cells
were subsequently vortexed for 30 s and then placed at 100 °C for
5 min. After briefly cooling, samples were vortexed for 30 s, soni-
cated for 10 s at 20% power, and vortexed again for 30 s. Samples
were resolved by 15% SDS-page and transferred to nitrocellulose
according to standard procedure. Following transfer blots were
blocked in 5% non-fat milk (w/v) in 1x TBST for 1 h. Primary
antibodies were used at room temperature for 1 h or overnight
at 4 °C and secondary antibodies were used at room tempera-
ture for 1 h. Alpha viewer was used to analyze and quantitate
bands (Proteinsimple, http://www.proteinsimple.com/software_
alphaview.html).

Dot blots

The indicated biotinylated peptides were serially diluted to the
indicated concentrations and dotted out onto activated PVDF
membrane. The membrane was allowed to absorb the peptides
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and then amido black staining was used to verify the presence
of the peptides. The membranes were washed in PBS and then
blocked in 3% BSA/1x PBS. Primary antibodies were used at
room temperature for 1 h or overnight at 4 °C and secondary
antibodies were used at room temperature for 1 h.

Immunofluorescence based peptide competition

Four ng of the indicated biotinylated peptides were incu-
bated with 400 wl of the H3T80ph antibody for 45 min at
room temperature (RT). Samples were centrifuged for 15 min
at 4 °C at 13 k rpm. 300 pl of each supernatant was used for
immunofluorescence.

Plasmids

Site  directed mutagenesis was performed on the
pcDNAV5/6xHis wild-type H3.1 plasmid using QuickChange
Site-Directed Mutagenesis Kit (Agilent Technologies, http://
www.genomics.agilent.com/en/Site-Directed-Mutagenesis/
QuikChange/?cid=AG-PT-175&tabld=AG-PR-1160). The
pcDNAV5/6xHis H3.1 T80E plasmid was generated using the
following primers:

Forward: 5-GAAATAGCTC AGGACTTCAA
GGAGGACCTG CGCTTCCAGA GTTCC-3’

Reverse: 5'-GGAACTCTGG AAGCGCAGGT
CCTCCTTGAA GTCCTGAGCT ATTTC-3'

Antibodies and peptides

Rabbit monoclonal H3T80ph antibodies were made by
Epitomics and were maintained as hybridoma cell lines accord-
ing to their instructions. The H3T80ph antibodies are used
neat to 1:5 for immunofluorescence analyses. In addition to the
H3T80ph antibodies the following primary antibodies were used:
monoclonal H3K79me3T80ph (MC491) (Upstate), polyclonal
H3K79me3T80ph (Millipore, http://www.millipore.com/cata-
logue/item/07-528), H3K79me2 (Abcam, http://www.abcam.
com/histone-h3-methyl-di-k79-antibody-chip-grade-ab3594.
html), H3S10ph (Abcam, http://www.abcam.com/histone-
h3-phospho-s10-antibody-mabcam-14955-chip-grade-ab14955.
html), C-terminal H3 (Abcam, http://www.abcam.com/histone-
h3-antibody-chip-grade-ab1791.html), y-tubulin (Abcam, heep://
www.abcam.com/gamma-tubulin-antibody-tu-30-ab27074.
heml), V5 (Millipore, http://www.millipore.com/catalogue/item/
ab3792), phospho-p44/p42 MAPK (Cell Signaling, http://www.
cellsignal.com/products/5726.html), mouse a-tubulin (Sigma-
Aldrich, http://www.sigmaaldrich.com/catalog/product/sigma/
t9026), and rat a-tubulin (http://www.abdserotec.com/yeast-
tubulin-alpha-antibody-yol1-34-mca78g.html). The secondary
antibodies used are as follows: Alexa Fluor® 488 goat anti-rab-
bit (Invitrogen, http://products.invitrogen.com/ivgn/product/
A11034?ICID=search-product), Alexa Fluor® 594 goat anti-rab-
bit (Invitrogen, https://products.invitrogen.com/ivgn/product/
A11037?21CID=search-al1037), Alexa Fluor® 488 goat anti-mouse
(Invitrogen, https://products.invitrogen.com/ivgn/product/
A11029?ICID =search-a11029), Alexa Fluor® 555 goat anti-rat
(Cell Signaling, http://www.cellsignal.com/products/4417.html),
HRP-conjugated anti-mouse, and HRP-conjugated anti-rabbit.

Biotinylated peptides were either purchased from Anaspec
(hteps://www.anaspec.com/services/peptide.asp) or were a kind
gift from Min Gyu Lee.
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Immunoprecipitation

Eight x 10° HeLa cells were harvested and washed with 1x PBS.
Cells were resuspended in 400 .l of cold histone extraction buffer
(10 mM TRIS-HCI pH 7.5, 150 mM NaCl, 1.5 mM MgCl,, 3%
Glycerol, and 10 mM EDTA) by gently pipetting up and down 20
times while avoiding bubbles. Samples were overlaid onto 400 .l
of cold histone glycerol solution (10 mM TRIS-HCI pH 7.5, 1.5
mM MgCl,, and 25% glycerol) and then centrifuged 10 min at 4
°Cat 5000 rpm. Supernatant was discarded and the pelleted nuclei
were re-suspended in 100 pl of cold ChIP lysis buffer (1% SDS, 10
mM EDTA pH 8.0, and 50 mM NaCl). Samples were sonicated
3 times for 5 s at 30% power (output control 3, 100% duty cycle),
while avoiding bubbles, with a 30 s rest between each sonication.
Samples were diluted 1:10 in cold ChIP dilution buffer (1% Triton
X-100, 2 mM EDTA, 150 mM NaCl, and 20 mM TRIS-HCI pH
8.1) and centrifuged at 4 °C at 13 k rpms for 5 min. The superna-
tant was retained and the proteins were quantified using Bio-Rad
protein assay dye according to the microassay procedure (Bio-Rad,
http://www.bio-rad.com/en-us/sku/500-0006-bio-rad-protein-
assay-dye-reagent-concentratee). One hundred micrograms of
total nuclear extract was further diluted to 300 pl using ChIP
dilution buffer and precleared by adding 20 .l of 1x PBS washed
Dynabeads® protein A and G (1:1) (Invitrogen, http://products.
invitrogen.com/ivgn/product/10002D and https://products.invi-
trogen.com/ivgn/product/10009D) beads incubating for 1 h. 300
wl of the H3T80ph antibodies was added to the precleared extract
and samples were incubated for 3 h. Twenty pl of Dynabeads® pro-
tein A and G (1:1) beads, which had been blocked in 10% BSA/1x
PBS for 1 h, were added to the nuclear extract and incubate for
1 h. The supernatant was discarded, and the beads were washed
4 times with cold NETN (150 mM NaCl, 50 mM Tris pH7.5, 5
mM EDTA, and 0.5% NP40) for 10 min. All incubations and
washes were performed at 4 °C on a nutator. Low adhesion tubes
were used in all steps where beads were used (Bioexpress, htep://
www.bioexpress.com/divinity-cart/item/458600/GeneMate-
1.7ml-Low-Adhesion-Thermo-Graduated-Tubes/1.html), and
tubes were changed between washes. Thirty-five pl of 2x SDS
buffer was added to the washed beads, which were then placed at
95 °C for 5 min and used for western blot.

Immunofluorescence

Cells were grown on poly-D-lysine-coated coverslips and har-
vested prior to reaching 80% confluency. Coverslips were washed
in 1x PBS and fixed in 4% paraformaldehyde/1x PBS for 10 min
at RT. Coverslips were washed in 1x PBS and then permeabi-
lize with 1x PBS + 0.1% Triton X-100 at RT. Coverslips were
then washed in 1x PBS and blocked in 3% BSA/1x PBS for 1 h.
Primary antibodies were diluted into 3% BSA/1x PBS and incu-
bated overnight at 4 °C. Coverslips were washed in 1x PBS prior
to adding secondary antibodies. Coverslips were washed in 1x
PBS and mounted onto glass slides with ProLong® Gold Antifade
mounting reagent containing DAPI (Invitrogen, http://products.
invitrogen.com/ivgn/product/P36931). Cells were imaged with a
3i Marianas Spinning Disk Confocal.

Drosophila immunofluorescence

One x 10° Drosophila S2 cells were allowed to attach to 22 x
22 mm coverslips coated in 0.5 mg/ml Concanavalin A (Sigma)
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for 45 min in a sterile hood at RT. The coverslips were then
washed in 1 X PBS before fixation in 10% EM grade parafor-
maldehyde for 10 min at RT. Cells were permeablized using 1x
PBS + 0.1% Triton-X100 for 15 min at RT and then washed
3 times with 1x PBS. Cells were blocked in 5% normal donkey
serum (NDS) diluted in 1x PBS + 0.1% Triton-X100 for 1 h at
RT. Cells were then incubated overnight at 4 °C in H3T80ph
(1:5) and rat a-tubulin (1:200) primary antibodies diluted in 5%
NDS/0.1%Triton-X100/PBS. Cells were washed 3 times for 10
min each in 1x PBS + 0.1%Triton-X100 at RT on a rocking plat-
form. Cells were incubated in Rb-Cy3 and Rt-Alexa488 (1:600
each; Jackson Immunoresearch) secondary antibodies diluted in
5% NDS/.1%Triton-X100/PBS for 1 h at RT and then washed
3 times 10 min each in 1x PBS+0.1%Triton-X100 at RT on a
rocking platform. Coverslips were then mounted in ProLong®
Gold Antifade mounting reagent containing DAPI, allowed to
dry overnight at RT and imaged on an Olympus FV1000 confo-
cal microscope.

Flow cytometry

Approximately 1 x 107 cells were washed in 1x PBS and then
incubated for 10 min at 37 °C in 500 wl of 4% paraformalde-
hyde. Cells were permeablized by adding 4.5 mls of ice-cold
100% methanol and incubating on ice for 30 min. Cells were
blocked in 3% BSA/1x PBS for 1 h and then placed in anti-
H3T80ph (neat) at 4 °C overnight. After washing, Alexa488
anti-rabbit was used as a secondary. Cells were stained with prop-
idium iodide and treated with RNase by incubating the cells for
30 min at 37 °C in a PI master mix (40 pg/ml propidium iodide
and 100 pg/ml RNase in 1x PBS). Cells were analyzed using a
Becton Dickinson FACS Calibur within 1 h of staining.

SILAC

Nuclear extracts were prepared from isotopically heavy
(PC,-lysine, PC °N,-arginine) and isotopically light Hela cells
using the Active Motif Nuclear Extract Kit (Active Motif, http://
www.activemotif.com/catalog/100/nuclear-extract-kit). The
nuclear extract was diluted to 0.6 mg/mL in binding buffer (150
mM NaCl, 20 mM HEPES, pH 7.9, 1% NP40, 1 mM DTT,
1:100 protease inhibitor cocktail). Nuclear extracts from the light
and heavy labeled cells were separately incubated for 2 h at 4 °C
with 0.5 mg of streptavidin-coated Dynabeads (Life Technologies
M280) coupled with either unmodified histone H3 peptide (with
light nuclear extract) or histone H3T80ph peptide (with heavy
nuclear extract). The beads were washed 5 times in 1 mL of bind-
ing buffer with an increased salt concentration (300 mM NaCL)
and twice with low salt binding buffer (150 mM NaCl). Proteins
were then eluted with Laemmli SDS-PAGE loading buffer, mixed
1:1 for light and heavy nuclear extract incubations, and resolved
on a 4-12% Bis-Tris gel and visualized by Coomassie staining.
The gel lane was sliced into 2-mm sections and subjected to in-
gel trypsin digestion.”” The peptides were identified by high-
resolution mass spectrometry with a Thermo Velos Orbitrap mass
spectrometer equipped with a Waters nanoACQUITY UPLC
system. Proteins and PTM-containing peptides were identified
and the percent heavy for each peptide was calculated as I,/(I,
+]) with MASCOT Distiller.” The average percent heavy of all
peptides identified for each protein was calculated along with the
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standard deviation. Once proteins were identified and the percent
of isotopically heavy was calculated, a contaminant threshold was
established based on 32 nonspecifically enriched ribosomal pro-
teins as previously reported in references 45, 48, and 49, resulting
in a nonspecifically associating baseline of 42 + 0.14% isotopi-
cally heavy. Using 2 standard deviations from this baseline as the
significance level, 25 proteins were found to specifically interact
with H3T80ph (Table S2), while 137 proteins were determined
to be non-specific associations (Table S3).

Peptide binding assay

Twenty microlitre of Streptavidin-coupled Dynabeads®
(Invitrogen, http://products.invitrogen.com/ivgn/
product/11205D) were washed in binding buffer (50 mM Tris
pH7.5, 100 mM NaCl, 0.05% NP40). Beads were re-suspended
in 195 pl of binding buffer. Five pl of 1 pg/pl biotinylated pep-
tides were added to the beads and placed on a nutator overnight
at 4 °C. Beads were washed 3 times in binding buffer and then
split into 2 tubes per sample. The total volume of each tube was
brought up to 190 pl. Ten microliters of 0.45 pg/pl recombinant
histone octamers®*>! were added and allowed to bind on a nutator

for 2-3 h at 4 °C. Samples were washed 3 times in binding buffer
and histones were eluted with 2x SDS loading buffer and ana-
lyzed by western blot.
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