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How histone post-translational modifications (PTMs) are
inherited through the cell cycle remains poorly understood.
Canonical histones are made in the S phase of the cell cycle.
Combining mass spectrometry-based technologies and stable
isotope labeling by amino acids in cell culture, we question the
distribution of multiple histone PTMs on old versus new his-
tones in synchronized human cells. We show that histone PTMs
can be grouped into three categories according to their distribu-
tions. Most lysine mono-methylation and acetylation PTMs are
either symmetrically distributed on old and new histones or are
enriched on new histones. In contrast, most di- and tri-methyl-
ation PTMs are enriched on old histones, suggesting that the
inheritance of different PTMs is regulated distinctly. Intrigu-
ingly, old and new histones are distinct in their phosphorylation
status during early mitosis in the following three human cell
types: HeLa, 293T, and human foreskin fibroblast cells. The
mitotic hallmark H3S10ph is predominantly associated with old
H3 at early mitosis and becomes symmetric with the progression
of mitosis. This same distribution was observed with other
mitotic phosphorylation marks, including H3T3/T6ph, H3.1/
2S28ph, and H1.4S26ph but not S28/S31ph on the H3 variant
H3.3. Although H3S10ph often associates with the neighboring
Lys-9 di- or tri-methylations, they are not required for the asym-
metric distribution of Ser-10 phosphorylation on the same H3
tail. Inhibition of the kinase Aurora B does not change the dis-
tribution despite significant reduction of H3S10ph levels. How-
ever, K9me?2 abundance on the new H3 is significantly reduced
after Aurora B inhibition, suggesting a cross-talk between
H3S10ph and H3K9me2.

In eukaryotes, histone proteins facilitate the packaging of
DNA molecules. The DNA double helix wraps around histone
octamers to form nucleosomes. A histone octamer contains
two copies of each core histone H3, H4, H2A, and H2B. A 5th
histone, histone H1, is associated with the linker DNA which
lies between the nucleosomes. Canonical histone proteins are
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cell cycle-dependent and are produced in S phase (1, 2),
whereas cell cycle-independent histone variants (e.g. H3.3) are
synthesized throughout the cell cycle (3). Histone proteins
carry numerous post-translational modifications (PTMs)? that
are involved in multiple functions such as epigenetic regulation
of transcription, DNA damage repair, and cell cycle progression
(4, 5). To maintain lineage identity and to guide proper tran-
scription, cells must replicate PTMs from old histones onto
new histones at each cell division. Major efforts have been
devoted to understanding how histones themselves are trans-
mitted through the DNA replication fork in S phase (6). In
principle, the newly deposited nucleosomes could contain
entirely old or newly synthesized histone proteins, or a mixture
of both. Accumulating evidence suggests that most H3/H4
tetramers remain intact, with the exception of some H3.3/H4
tetramers, indicating that nucleosomes should contain either
new or old H3 and H4 rather than a mixture. Conversely, H2A/
H2B dimers exchange freely during replication (6 —8).

Determining the PTM profiles of newly deposited nucleo-
somes after replication, and how these profiles differ between
old and new histone proteins, will help elucidate the mecha-
nisms of histone PTM inheritance during the cell cycle. We and
others have reported histone lysine methylation kinetics
throughout the human cell cycle (9, 10). Although histone PTM
inheritance is completed after one cell cycle, important repres-
sive marks like H3K9me3 and H3K27me3 are not fully replen-
ished until the next G, phase(9). Groth and co-workers (11)
reported an overview of multiple histone PTM:s at the replica-
tion fork and made very similar observations. However, much
remains unclear about how different histone PTMs are trans-
mitted through mitosis.

Interestingly, a number of histone PTMs regulate cell cycle
stage-specific processes and therefore may not need to be
inherited from the old histones to new histones. For example,
histone H3K56ac was shown to be added onto new histones
during S phase and rapidly erased in G, phase (12, 13). Mono-
methylation of H4K20 is temporally added by G, and M phase-
specific activities of the methyltransferase PR-Set7/SET8 and is
linked to cell cycle progression (14). Furthermore, a handful of
histone phosphorylation (ph) marks are highly abundant in
mitosis and are present at very low levels in the interphase,
including H3S10ph, H3S28ph, H3T3ph, H1.4S26ph, etc. (15—

3 The abbreviations used are: PTM, post-translational modification; SILAC,
stable isotope labeling by amino acids in cell culture; HFF, human fore-
skin fibroblast; ACN, acetonitrile; Hes, hesperadin; GSC, germ line stem
cell; ac, acetylation; ph, phosphorylation; Pl, propidium iodide; AdoMet,
S-adenosylmethionine.
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21). The major kinase for these histone phosphorylation marks
is Aurora B, which is part of the chromosomal passenger com-
plex and plays essential roles in chromosome condensation,
segregation, and cytokinesis during mitotic progression (22).
Aurora B phosphorylates histones directly (17, 21, 23-26) or
indirectly through activation of another kinase Haspin (27).
The levels of these phosphorylation marks peak after the new
histones are synthesized in S phase; therefore, they are not
likely being transmitted from old to new histones. However, it
remains unclear whether these histone phosphorylation marks
play a role in facilitating epigenetic inheritance of other PTMs.

We report here a systematic analysis of the distribution of
histone PTMs in mitosis. We show that most histone Kme2/3s
were biased toward old histones, consistent with previous stud-
ies (9-11). H3K4me2/3, however, was symmetrically distrib-
uted on old and new H3. We also show that most Kmel and Kac
events were either symmetric or enriched on new histones, with
the exception of H4K5acK8acK12acKl6ac (H4 4-17 4-ac).
Surprisingly, although the mitotic histone phosphorylation
marks do not need to be inherited, they were predominantly
associated with the old histones in early mitosis and only
became more symmetrically distributed in late mitosis. This
phenomenon was observed for four histone phosphorylation
marks, including H3S10ph on both canonical histone H3.1/2
and the variant H3.3, S28ph on H3.1/2, H3T3/T6ph, and S26ph
on a linker histone H1.4. In contrast, S28/S31ph on H3.3 was
distributed symmetrically on old and new histones. We addi-
tionally demonstrate that the H3K9 residue is not required for
the asymmetric distribution of Ser-10 phosphorylation on the
same H3 tail.

Results

Systematic Analysis of the Distribution of Histone PTMs in
Mitosis—To investigate the distribution of histone PTMs on
old versus new histones during mitosis, we used pulse-SILAC
(stable isotope labeling by amino acids in cell culture) (28) fol-
lowed by mass spectrometry techniques. HeLa cells were syn-
chronized at the G,/S boundary by double thymidine block
(Fig. 1A). Typically, the majority of HeLa cells entered G,/M by
7-8 h after release (Fig. 1, D and E). Upon release, we cultured
the cells with SILAC media containing *>C- and "*N-labeled
arginine. Because canonical histone proteins are only synthe-
sized in S phase (1, 2), any heavy Arg-labeled histones were
therefore newly synthesized histones and could be detected by
the subsequent mass spectrometry analysis. In addition, we
included L-[methyl-'>C,D,]methionine in some experiments to
enable characterization of new methylation events. Methionine
can be converted into S-adenosylmethionine (AdoMet), the
only methyl donor in the cell (29). Therefore, heavy-labeled
methionine can mark both new methylation events as well as
new proteins (9). Incorporation of the supplemented heavy-
labeled amino acids may not happen immediately because they
take time to enter the cell and get incorporated into proteins.
To test whether the cells can utilize supplemented stable iso-
tope-labeled amino acids rapidly enough, we performed
metabolomics analysis in one pulse-SILAC experiment. As
shown in Fig. 1C, the majority of cellular arginine and AdoMet
was already heavy-labeled by 2 h. By 4.5 h, both of them had
SASBMB
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reached a plateau of 98.9 and 90.8%, respectively. Minimum
increase of extra labeling was achieved after 4.5 h. The maxi-
mum labeling efficiency was 99.1% for heavy arginine and 93.8%
for heavy AdoMet. We also monitored heavy proline levels in
addition to supplementing extra light proline in the medium
because arginine can be converted into proline (30). Only a
trace amount (<0.3%) of heavy proline was detected through-
out the labeling time course, which would not likely affect our
data analyses. Based on these data, we concluded that the pulse-
SILAC was fast enough for labeling G,/M histones.

As shown in Fig. 24, all canonical histone proteins quanti-
fied, including H3.1/2, H4, and H1.4, showed very similar label-
ing between 8.5 and 11 h, suggesting the majority of histone
protein synthesis had finished by 8.5 h in our experimental par-
adigm. Consistently, flow cytometry measurements of DNA
contents showed the majority of cells had finished S phase
and entered G,/M phase by 8.5 h (Fig. 1D). However, the cell
cycle-independent H3 variant H3.3 had a lower labeling rate
compared with other histones, and the labeling continued to
increase from 8.5 to 11 h (Fig. 24), in agreement with the fact
that H3.3 protein synthesis happens throughout the cell
cycle (3). In general, old histones were over-represented in
these pulse-SILAC experiments, likely due to recycling of
cellular metabolites during histone synthesis (9). Taking the
protein labeling efficiencies into consideration, we pre-
sented data in a normalized distribution manner as shown in
Equation 1.

normalized PTM distribution

7 PTM on old histone/PTM on new histone
N old histone/new histone

(Eq. 1)

The larger the number, the more asymmetric a particular PTM
is biased toward the old histones. Fig. 2B shows a distribution
map for a total of 57 histone PTM statuses (including unmod-
ified) and their relative abundance in mitosis. The PTM sta-
tuses could be clustered into three categories according to their
normalized distributions (Table 1) as follows: symmetrically
distributed (29 statuses), enriched on new histones (8 statuses),
and enriched on old histones (20 statuses). For PTMs requiring
inheritance from the old histones to new histones, symmetric
distributions implied that the inheritance had been completed
before onset of mitosis. In contrast, enrichments on the old
histones indicated that inheritance of such PTMs persisted into
mitosis and even the next G;.

Interestingly, the same type of histone PTMs tended to have
a similar distribution. As listed in Table 1, most lysine mono-
methylations and acetylations were either symmetrically dis-
tributed or enriched on the new histones. In contrast, most
lysine di- and tri-methylations were enriched on the old his-
tones, including H4K20me2/3, H3K79me2/3, H3K9me3, H3.1/
2K27me2/3, H3.1/2K36me2/3, H3.3K27me3, and H3.3K36me2/
3. These results extended previous findings from us and others
demonstrating that new H3K9me3 and H3K27me3 are synthe-
sized rather slowly and do not complete until next G; (9-11).
However, a few histone PTMs did not follow the general rules.
For instance, K4me2 and me3 were symmetrically distributed,
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FIGURE 1. Cell synchronization and SILAC. A, pulse-SILAC experimental paradigm for HeLa cells. B, pulse-SILAC experimental paradigm for HFF and
293T cells. C, metabolite analysis of one pulse-SILAC experiment in Hela cells. Relative abundance of heavy arginine, light proline, and heavy
AdoMet (SAM) was shown in a time course manner. Sum of both light and heavy forms of the same metabolite was set to be 100%. D, example flow
cytometry data of a Hela cell synchronization experiment shown in Fig. 2. £, example flow cytometry data showing Hela cell synchronization and DMSO
and Hes treatments; no apparent defects were found in Hes-treated cells. F, example flow cytometry data showing HFF cell synchronization. G, flow
cytometry data showing synchronization experiment conducted in 293T cells transfected with either wild type or K9M H3.3 transgenes. Both cell
lines had very similar DNA content distribution across different time points. * shows time points when cells were harvested for mass spectrometry

analyses.

whereas H3K4mel was enriched on old H3 (Table 1). This
result demonstrates for the first time that me2/3 marks could
be restored before mitosis and suggests that the mechanisms
underlying the inheritance of H3K4me and other Kme marks
are distinct. Another example is that H3K79me1/2/3s were all
asymmetrically distributed on the old H3 in mitosis (Table 1),
suggesting that the sole methyltransferase for H3K79, Dotll
(31), was preferentially recruited to old histone H3. Interest-
ingly, Dot1/Dotll deficiency causes various cell cycle defects in
human cells and in other organisms (32), which might be
related to its enrichment on the old H3. In addition, although
K27me2 was asymmetrically distributed on the old histone
H3.1/2, its counterpart was symmetrically distributed on H3.3.
Finally, we found that H4K5acK8acK12acK16ac was enriched
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on old H4 at both time points, in contrast to most lysine acety-
lation marks (Table 1).

Enrichment of Histone Phosphorylation Marks on Old His-
tones in Mitosis—We also investigated the distribution of ser-
ine/threonine phosphorylations, which in principle do not re-
quire inheritance as they are mostly mitosis-specific (15-21).
Surprisingly, four out of five Ser/Thr phosphorylations ana-
lyzed, namely H3S10ph, H3.1/2S28ph, H3T3/T6ph, and
H1.4S26ph, were enriched on the old histones in early mitosis
(Table 1 and Fig. 2B). The only exception was H3.3528/S31ph,
which was symmetrically distributed at both time points (Table
1 and Fig. 2B).

As H3S10ph was the most abundant form of histone Ser/Thr
phosphorylation (Table 1 and Fig. 2B), we first confirmed the
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FIGURE 2. Distribution pattern of histone PTMs in mitosis. A, labeling of histone proteins by pulse-SILAC experiment. For the relative abundance of old versus
new histone H3 (total H3, H3.1/2, and H3.3), H4 and H1.4 were generated from two time points, 8.5 and 11 h, respectively. Fig. 1D shows that cells had finished
S phase and entered G,/M phase at both time points. Numbers above each bar show average of three MS runs. Error bars show standard error. B, dynamic
distribution of 57 histone PTM statuses in mitosis, including 16 unmodified statuses and 41 PTMs. All values used in this figure are listed in Table 1. The x and
y axes show normalized distribution of histone PTM statuses at 8.5 and 11 h, respectively. The data were collected from the same Hela cell pulse-SILAC
experiment shown in A. The diagonal line indicates identical normalized distribution between the two time points. Each data dots were color-coded based on
their averaged relative abundance between the two time points (Table 1). The color bar on the right was generated by log(2) value of the relative abundance
(%). Square, asymmetric phosphorylation (ph) marks; star, H3.3528ph; rhombus, H3K9me2/3 and H3.1/2 K27me2/3; circle, other PTMs. The arrowheads show the

positions of five ph marks.

temporal pattern of its distribution in HeLa cells. Fig. 34 shows
aclear inverse correlation of the asymmetry of H3S10ph against
harvesting time, from six independent experiments with a total
of 12 time points from the onset of mitosis. One of these exper-
iments was conducted using heavy-to-light pulse labeling and
produced a similar result as the other light-to-heavy experi-
ments, ruling out any potential artifacts from SILAC labeling.
In late G, phase and early mitosis (6 —7 h) when the H3S10ph
signal first appears (15), a much smaller proportion of the
new H3 than the old H3 was phosphorylated (Fig. 3B). As
mitosis progresses, the level of H3S10ph increased on both
old and new H3 with a clear delay on the new H3 (Fig. 3, B
and C). Eventually the level of Ser-10 phosphorylation
SASBMB
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reached the same proportion on both old and new H3 (11 h
and beyond, Fig. 3B).

In addition to HeLa cells, we examined the distribution of
H3S10ph in two additional cell lines, 293T cells and the primary
cell line human foreskin fibroblast (HFF) cells (33). Fig. 1, Fand
G, shows that the majority of 293T and HFF cells were synchro-
nized, although to a less extent than the HeLa cells (Fig. 1D).
Because of the incomplete synchronization of these two cell
types, we only collected samples in early time points. As shown
in Figs. 3 and 4, we performed two independent synchroniza-
tion experiments for HFF cells and collected samples at 6 and
7 h, respectively. We performed one synchronization experi-
ment for 293T cells and collected samples at 7 h. Importantly,
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TABLE 1
Abundance and distribution pattern of histone PTMs in mitosis

Listed are data used to generate Fig. 2B. Data were collected from the same pulse-SILAC experiment shown in Fig. 2, A and B, and Fig. 3, A-F. 3rd and 4th columns show
relative abundance of each PTM status at 8.5 and 11 h, respectively. The standard errors of multiple MS runs are also shown. 5th column shows average relative abundance
between 8.5 and 11 h. 6th and 7th columns show normalized distributions of PTM statuses. All normalized distributions were calculated by the following formula:

normalized distribution of a PTM status = (% on old histone/% on new histone)/(old

histone/new histone. The categories (shown in 1st column) were generated using

arbitrary cutoff; statuses falling between —1,—1 and 1,1 were considered to be symmetric. Among the rest, the ones fell in the first quadrant were considered to be enriched
on old histone, and the ones that fell in the fourth quadrant were considered to be enriched on new histone. The PTM statues were listed in a descending order according

to the value in the 4th column, normalized distribution at 8.5 h (log2).

Normalized
Relative abundance (%) distribution (log2)
Category PTM status 85h 11h Average 85h 11h
Enriched on old histone H4K20me3 2.29 £ 0.06 1.90 = 0.08 2.09 7.00% 4.12
H3K79me3 0.16 = 0.01 0.67 £ 0.04 0.41 6.69 5.60
H3.1/2K36me3 3.70 = 0.06 3.94 = 0.07 3.82 4.38 3.42
H3K79me2 1.75 £ 0.15 1.98 = 0.06 1.86 3.87 3.13
H3.1/2K27me3 16.11 = 0.22 15.47 £ 0.21 15.79 3.63 2.89
H3.3K36me3 7.83 £0.25 8.29 = 0.22 8.06 3.20 3.38
H3T3/T6ph 0.39 £ 0.03 0.40 = 0.09 0.39 2.88 0.44
H3.1/2S28ph 4.51 £ 0.02 7.47 = 0.22 5.99 2.63 0.83
H3.3K27me3 16.12 = 2.63 11.80 = 1.75 13.96 2.48 2.04
H4K20me2 94.69 = 0.09 95.44 *+ 0.26 95.06 2.43 1.04
H3K9me3 33.29 = 0.39 31.39 £ 0.24 32.34 2.27 1.48
H1.4S26ph 543 *0.49 18.51 = 0.87 11.97 2.22 0.24
H3K79mel 2049 = 0.23 16.74 £ 0.71 18.61 2.18 2.06
H3.3K36me2 37.27 = 2.23 32.00 = 1.98 34.63 2.07 1.59
H3K18mel 0.66 = 0.07 0.70 £ 0.11 0.68 1.98 2.89
H4(4-17) four-ac 0.40 = 0.04 0.14 = 0.02 0.27 1.97 1.67
H3S10ph 13.79 = 1.17 26.96 + 0.54 20.38 191 0.44
H3K4mel 1.92 = 0.04 2.28 = 0.05 2.10 1.61 1.50
H3.1/2K27me2 46.90 = 1.11 45.03 = 0.98 45.96 1.52 0.94
H3.1/2 K36me2 37.68 = 0.71 34.51 = 091 36.10 1.51 0.97
Symmetric H3K9me2 50.80 = 0.64 51.28 = 0.58 51.04 0.85 0.45
H3.1/2K36mel 17.29 = 0.14 19.34 £ 0.15 18.31 0.80 0.46
H3K14un 7349 = 1.11 81.97 = 0.82 77.73 0.78 0.43
H3S10un 86.21 = 1.17 73.04 = 0.54 79.62 0.56 0.35
H3K14ac 26.50 = 1.11 17.90 = 0.82 22.20 0.56 0.21
H3.3528/S31ph 2.46 £ 0.03 6.37 £0.29 4.41 0.55 0.27
H3.3K27me2 50.72 = 3.45 47.76 = 1.20 49.24 0.52 0.35
H3.3K27mel 21.68 = 0.56 26.14 = 0.64 2391 0.47 0.71
H3K23mel 0.70 = 0.05 0.36 £ 0.04 0.53 0.42 0.21
H3K4me2 4.70 £ 0.20 0.85 £ 0.19 2.77 0.39 0.30
H3.1/2S28un 95.49 = 0.02 92.53 = 0.22 94.01 0.38 0.12
H1.4K25mel 7.20 £0.37 2.72 = 0.06 4.96 0.33 0.38
H4(4-17) un 61.30 = 0.76 67.21 = 2.34 64.25 0.23 0.05
H3(18-26) un 67.93 * 1.63 72.02 = 1.19 69.97 0.17 0.11
H3.3K36mel 24.59 = 1.23 26.63 = 1.40 25.61 0.13 —0.16
H3.3528/S31un 97.54 = 0.03 93.63 = 0.29 95.59 —0.01 —0.08
H1. K25un 92.80 = 0.37 97.28 = 0.06 95.04 —0.02 —0.01
H3T3/Té6un 99.61 = 0.03 99.60 = 0.09 99.61 —0.04 —0.06
H3K4un 92.23 = 0.25 95.16 = 0.52 93.70 —0.07 —0.10
H1.4S26un 94.57 = 0.49 81.49 *= 0.87 88.03 —0.07 0.00
H3K79un 77.61 = 0.35 80.62 *= 0.64 79.11 —0.12 —0.12
H3.1/2K27mel 21.65 = 0.69 23.64 = 0.54 22.65 —-0.15 —0.30
H4(4-17) one-ac 28.66 = 0.87 26.11 = 2.09 27.39 —0.46 —0.51
H3.1/2K36un 41.33 £0.77 42.21 =0.90 41.77 —0.49 —0.62
H3K18/23ac 29.49 = 1.53 26.17 = 1.13 27.83 —0.64 —0.63
H3K9%ac 0.53 = 0.05 0.38 = 0.09 0.45 —0.68 —0.45
H3K9mel 4.94 = 0.23 5.40 = 0.05 5.17 —0.68 —0.71
H3K4me3 0.77 = 0.04 1.32 £ 0.22 1.04 —0.78 0.97
H3K18ac23ac 1.54 = 0.01 0.86 = 0.08 1.20 —0.82 —0.87
Enriched on new histone H4(4-17) two-ac 7.45 = 0.30 5.45 * 0.33 6.45 -1.33 —1.08
H4(4-17) three-ac 2.19 £ 0.04 1.08 = 0.05 1.64 —1.49 —1.18
H3.3K36un 30.32 = 1.08 33.08 = 0.41 31.70 —1.54 —-1.16
H3K9un 10.45 = 0.80 11.54 £ 0.75 11.00 —-1.71 —1.38
H4K20mel 0.94 + 0.04 1.45 *+0.13 1.19 —1.74 —2.27
H3.1/2K27un 15.35 = 0.41 15.74 £ 0.76 15.55 —241 —2.34
H3.3K27un 11.48 = 1.04 14.29 £ 0.70 12.88 —3.15 —2.57
H4K20un 2.08 £0.03 1.21 = 0.10 1.65 —3.71 —3.49

“ The H4K20me3 was 100% on the old H4 at 8.5 h so the normalized distribution was co.
the table) for plotting in Fig. 2B.

even with the less efficient cell cycle synchronization, H3S10ph
was predominantly associated with the old H3 in both 293T
cells and HFF cells (Fig. 34). Taken together, we showed that
Ser-10 phosphorylation was biased toward old histone H3 at
early mitosis in all three cell lines tested and was likely common
in other human cell types.

15346 JOURNAL OF BIOLOGICAL CHEMISTRY

It was arbitrarily assigned with a log2 value of 7 (larger than all the other values in

The other three asymmetrically distributed Ser/Thr phos-
phorylation marks shared the same temporal pattern as
H3S10ph in HeLa cells. As shown in Fig. 3D, H3T3/T6ph, H3.1/
2528ph, and H1.4S26ph were enriched on old histones at ear-
lier time points (6— 8.5 h) and became more symmetric at 11 h.
In contrast, Ser-28/Ser-31 phosphorylation on a cell cycle-inde-
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H3.3528/S31ph were from two experiments with three time points. H3.3528/31ph was only detected in TiO2-enriched samples but not in input samples.
Therefore the relative abundance was set to be 0% in C.

pendent histone H3 variant, H3.3, was symmetric throughout Fig. 44, the majority of the Lys-9 residue next to a phosphory-
mitosis (Figs. 2B and 3D). We concluded that the time-depen- lated Ser-10 phosphorylation was di- or tri-methylated in all
dent asymmetric distribution of histone phosphorylations was  three cell types we examined. We therefore sought to test
universal among canonical histones, including both core his- whether the methylation status of the lysine residues could
tone (H3) and linker histone (H1.4), although the abundance of  affect the phosphorylation status of the serine residues next to
these phosphorylation events was very different in mitosis them.
(Table 1 and Figs. 2B and 3C). These findings suggested the To test whether H3K9 methylation affects the asymmetric
existence of a mechanism that distinguished old versus new Ser-10 phosphorylation distribution, we performed pulse-
histones at early mitosis, which led to enrichment of Ser/Thr  SILAC experiments in a 293T cell line carrying an H3.3K9M
phosphorylation on old histones. mutant transgene (34). As shown in Fig. 4, B and C, the distri-
H3K9 Was Not Required for Asymmetric Distribution of the bution of Ser-10 phosphorylation on the mutant protein
Neighboring Ser-10 Phosphorylation on the Same H3 Tail—The  (MS10ph) was also enriched on the old mutant H3.3, strongly
enrichment of serine phosphorylation on old histone resem-  suggesting that the Lys-9 residue was not required for asym-
bled the pattern of di- and tri-methylations on lysine residues  metric distribution of Ser-10 phosphorylation on the same H3
(Fig. 2B and Table 1). Interestingly, the me2/3 on Lys-9 often  tail. Furthermore, this result also suggested that Ser-10 phos-
coexists with H3S10ph on the same histone tails. As shown in  phorylation on both H3.1/2 and H3.3 were enriched on old H3,

JULY 15,2016-VOLUME 291-NUMBER29  SASBMB JOURNAL OF BIOLOGICAL CHEMISTRY 15347



Asymmetric Histone Phosphorylation in the Human Cell Cycle

A
K9 PTM status with neighboring S10ph New H3.3K9M transgenic S10ph distribution on
90 - protein synthesis H3.3K9M
_ 80 - 1000 - _1000 4 925
€10 - Qun < 0. 788 = 200 | B0ld H3.3K9M
£ 60 - e 2
5. Emet £ 600 - € 600 - B New H3.3KM
é 40 - Ome2 2 400 . 2 400 - S10ph on Old H3.3KOM
230 - mmes 2 234 2 mS10ph on New H3.3K9M
5 0 | £ 200 - £ 200 - 75
= mac & &
10 4 0.0 - 0.0
0 - H3.3K9M protein MS10ph
Hela HFF 293T_H3.3WT 293T_H3KOM 0.74% 0.81%
D K9me2/3 levels in mitotic 293T cells
__100.0 928 *
S 79.8
o 80.0
£ 56.3
S 600 .~ 50.4
< %65 = OH3.3WT
2 400 =~ 294
< EH3.3KOM
2
£ 20.0
[}
€ 00 -
K9me2 K9me3 K9me2/3
E . . F A
Histone H3 synthesis $10ph distribution
1000 1000 1 978 87
s 774 s
S 60.0 S 60.0
K 00ld H3 E $10ph on Old H3
o E=3
< 400 mNew H3 s 0 = $10ph on New H3
£ 200 £ 200
E; 2
® 00 0.0
H3.3WT H3.3KOM H3.3WT  H3.3K9M
3.7% 3.7%

FIGURE 4. Neighboring H3K9 was not required for the asymmetric distribution of Ser-10 phosphorylation. A, H3510ph frequently coexisted with
K9me2/3 in mitotic human cells. Bar graphs show relative abundance of H3K9 PTM statuses with a neighboring Ser-10 phosphorylation. HelLa cell data were
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protein. *, p < 0.05; **, p < 0.01.

contrary to the symmetric distribution of H3.3528/S31ph (Fig.
2B and 3D). Interestingly, there is only one amino acid differ-
ence (residue 31) in the N-terminal tails of canonical H3 and
H3.3. The distribution of these phosphorylation marks was
thereby regulated site-specifically even for the same histone
variant.

The K9M mutant protein has been shown to have a domi-
nant negative effect on global K9me2/3 levels (34). As shown in
Fig. 4D, a total of 14% drop of K9me2/3 levels were observed in
K9M transgenic cells, compared with a 293T cell line carrying a
WT H3.3 transgene (p < 0.05). However, essentially no differ-
ence on both the level and the distribution of Ser-10 phosphor-
ylation on the wild type protein was observed, further support-
ing our conclusion that K9me2/3 did not affect the distribution
of the neighboring Ser-10 phosphorylation (Fig. 4, E and F). Our
results were consistent with previous in vitro biochemical stud-
ies, which showed that Aurora B does not have substrate pref-
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erence for a trimethylated form of H3K9 peptide, among other
modified forms of the same peptide (35-37).

Crosstalk between H3S10ph and H3K9me2—As previously
mentioned, the majority of the K9 residue next to a phosphor-
ylated Ser-10 phosphorylation was di- or tri-methylated (Fig.
4A). Intriguingly, the appearance of H3S10ph coincides with
the dissociation of HP1, a K9me2/3-binding protein, from
mitotic chromosomes, both of which are Aurora B-dependent
(36, 38). These observations raised the hypothesis that a func-
tional cross-talk existed between Ser-10 phosphorylation and
the neighboring K9me2/3 that is usually bound by HP1 during
interphase (39, 40).

To investigate the roles of histone phosphorylation in mitosis
and its interaction with other histone PTMs (e.g H3K9me2/3),
we inhibited the mitotic kinase Aurora B using hesperadin
(Hes) (26, 41). As shown in Fig. 54, treating cells with 100 nm
Hes (Fig. 1A) drastically reduced H3S10ph level in mitotic HeLa
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FIGURE 5. Inhibiting Aurora B kinase caused reduction of H3K9me2 level and did not impact H3S10ph distribution. Inhibition of Aurora B kinase caused
a large drop in H3S10ph level and a small reduction in H3K9me2 level, but did not impact other histone PTMs. Three independent Hela pulse-SILAC
experiments were performed, and data were collected from the following time points: experiment 1, 8.5 and 11 h; experiment 2, 11 h; experiment 3,6, 11, 12,
and 13 h. A, bar graphs show averaged levels of PTMs on H3(9-17) peptide upon DMSO or Hes treatments. Data from late mitosis time points are shown (11 h
and beyond). *, p < 0.05; **, p < 0.01. Error bars show standard error. Band C, Hes treatment caused less new K9me2 methylation on the new H3. Normalized
K9me2 abundance on the new H3 (B) and old H3 (C) in DMSO- and Hes-treated cells. p values were generated using data from the same five time points as in
A. D-F, inhibition of Aurora B did not change the distribution of H3S10ph across mitosis. D, normalized Ser-10 phosphorylation distribution was highly similar
between DMSO and Hes treatments. Data were collected from early to late mitosis time points (8.5-13 h). E and F, new H3 lagged behind to get Ser-10
phosphorylation in both DMSO and Hes treatments, compared with the old H3. £, DMSO-treated cells; F, Hes-treated cells. Data were collected from the same
pulse-SILAC experiment, namely experiment 3.

cells (harvested 11 h and beyond), without obviously delaying ments (Fig. 5C, p > 0.05). These results suggested that
mitotic entrance (Fig. 1E). An average of 37.1% of H3 from H3S10ph/Aurora B cross-talk specifically with K9me2 and
DMSO-treated HeLa cells carried the Ser-10 phosphorylation  were involved in either promoting new K9me2 events or the
mark, whereas only 1.0% of H3 from Hes-treated cells had maintenance of the pre-existing K9me2 in mitosis, or both. We
Ser-10 phosphorylation (Fig. 5A4). Interestingly, a small but sig-  did not observe a significant difference of pre-existing K9me2
nificant reduction of H3K9me2 level was observed in Hes- levels between DMSO- and Hes-treated cells (data not shown),
treated cells (51.9%), compared with DMSO-treated cells arguing for the latter. Additionally, DMSO- and Hes-treated
(56.0%) (Fig. 5A). In contrast, no significant difference in the cells had similar amounts of new K9me2 on the old H3 (data not
abundance of other lysine PTMs on the same peptide (Lys-9 or  shown), suggesting that H3S10ph/Aurora B’s role was only lim-
Lys-14) was seen. Surprisingly, the difference in K9me2 abun- ited to the new H3. The effect of inhibiting Aurora B is specific
dance between DMSO and Hes treatments was only seenonthe  to the H3K9me2 mark, as very little changes in abundance of
new H3. As shown in Fig. 5B, K9me2 on the new H3 increased  overall histone PTMs were observed (Fig. 6). In addition, given
in a time-dependent manner in both DMSO- and Hes-treated the observation that the abundance of all asymmetric his-
cells. The increase in the Hes sample was less compared with  tone phosphorylation marks was drastically reduced when
DMSO (p < 0.05). In contrast, K9me2 on the old H3 stayed Aurora B was inhibited (Fig. 7, A-C), we conclude that the
rather stable and did not differ between DMSO and Hes treat- absolute abundance of histone phosphorylation did not
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affect epigenetic inheritance of other PTMs under the time
points tested here.

Inhibiting Aurora B Does Not Affect the Asymmetry of Histone
Phosphorylations—Next, we sought to investigate the impact of
inhibiting Aurora B on the distribution of H3S10ph and other
phosphorylation marks. Fig. 5, D—F, shows DMSO- and Hes-
treated HeLa cells, respectively, from the same pulse-SILAC
experiment with four time points. As shown in Fig. 5D, essen-
tially no difference was seen in the distribution of H3S10ph
between DMSO- and Hes-treated HeLa cells. Both populations
showed enrichment of H3S10ph on the old H3 in an earlier time
point (6 h) and symmetric distribution at later time points (11-13
h). In both samples, the percentage of Ser-10 phosphorylation on
the new H3 lagged behind in the early 6-h time point, but ulti-
mately it reached a similar level as the old H3 (11-13 h) (Fig. 5, E
and F). In addition, the asymmetric distribution of other asymmet-
ric histone phosphorylation marks was not affected by Hes treat-

15350 JOURNAL OF BIOLOGICAL CHEMISTRY

ment despite an overall decrease in their levels (Fig. 7, D and E).
Thus, as the enzymatic activity of Aurora B was inhibited, the
reduction in substrate phosphorylation manifested proportion-
ally. These results suggested that Aurora B functioned down-
stream of the marker distinguishing old versus new histones.

Discussion

Mass Spectrometry Provides a Powerful Tool to Study Dy-
namics of Histone PTMs—Traditional antibody-based tech-
niques are limited to recognize only one or a few PTMs at a time.
They also suffer from potential off-target issues and epitope mask-
ing effects. Indeed, both of these issues have been reported with
commercially available antibodies against H3S10ph (42, 43). Anti-
body-related issues may therefore contribute to some discrepan-
cies in the literature regarding the function of Ser-10 phosphory-
lation (44—46). Over the last decade, mass spectrometry has
become a powerful and unbiased tool for histone PTM analysis.
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Using MS-based technologies, we not only can identify multiple
PTMs simultaneously but also perform pulse-chase experiments
on histone proteins. Combining MS and SILAC, we have shown
that histone serine and threonine phosphorylations have asym-
metric distributions in mitosis.

We used pulse-SILAC to label new histone synthesis. In the-
ory, after one cell cycle division, the canonical histone protein
abundance should double in the cells, and half of them should
be labeled with SILAC media. However, we have never achieved
greater than 40% labeling of canonical histones (Figs. 24, 4, B
and E, and 7, D and E). A number of factors could contribute to
the incomplete labeling, including incomplete synchronization,
impurities in the stable isotope-labeled compounds, and most
importantly, the fact that cells recycle cellular metabolites to
make new histones in S phase. Similar labeling efficiencies have
been reported by us and others (9-11).

To rule out any potential artifacts that were linked to the
heavy isotope labeling, one of our pulse-SILAC experiments
was performed in a reverse fashion. HeLa cells were first cul-
tured in heavy media for an extended period of time (more than
1 week with at least seven passages) to get complete labeling
of the heavy-isotope amino acids (Arg and Met). Subse-
quently, these cells were subjected to a double thymidine
block and were pulse-labeled in light media. These results,
shown in Fig. 3, were highly consistent with light-to-heavy
pulse-SILAC experiments.

H3.1/2 and H3.3 Show Different PTM Dynamics—To be
noted, our analyses of histone H3 synthesis, H3S10ph, and Thr-
3/Thr-6 phosphorylation include both the canonical histone
H3.1/2 and H3.3 because we could not distinguish the variants
in bottom-up mass spectrometry based on the peptides used
(supplemental Tables S1-S3 and S5). In our experiments, the
only peptide that can be used to distinguish between H3.1/2
and H3.3 levels was the H3(27-40) peptide as the 31st amino
acid residue is different (H3.1/2, KSAPATGGVKKPHR; H3.3,
KSAPSTGGVKKPHR) (Fig. 8B8). However, this peptide has no
less than 50 forms on each protein (supplemental Table S7)
when labeled with heavy-Arg. The number of possible forms is
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even larger when using both heavy-Arg and heavy-Met in the
media, making it impractical to analyze from a technical stand-
point. We therefore only showed data for this peptide from
pulse-SILAC experiments that have solely heavy-Arg labeling
(Figs. 2B, 3, C and D, and 7, B and D). Importantly, although
H3.3 synthesis occurs throughout the cell cycle (3), its relative
level remained to be a small portion of total H3. For example,
H3.3 was 5.4 and 5.5% of total H3 in a HeLa cell pulse-SILAC
experiment at two different time points (8.5 and 11 h), respec-
tively. When we used the H3(27-40) peptide to estimate pro-
tein synthesis in our experiments (supplemental Table S7), we
obtained very similar relative abundance of old and new H3
(difference <1%) between H3.1/2(27-40) peptide and four
unmodified peptides that are shared by H3.1/2/3 (Fig. 24).

Our examination of the H3(27-40) peptide in both H3.1/2
and H3.3 demonstrated that the distributions of PTMs on
H3.1/2 and H3.3 were highly similar with only two exceptions,
Ser-28 phosphorylation and K27me2. Although both were
enriched on the old histone H3.1/2, their counterparts were
symmetrically distributed on H3.3 (Table 1 and Fig. 8B).

Histone H3T80ph and H4S47ph Were Not Detected in
Mitosis—We did not identify any H3T80 phosphorylation in
our samples, despite the recent report about mitosis-specific
Thr-80 phosphorylation (43). Additionally, we did not detect
any histone H4S47ph in any of our samples. This result was not
surprising because H4S47ph is catalyzed by the Pak2 kinase,
which is not mitosis-specific (47).

Relative Abundance and Normalized Distribution—Because
of technical limitations, including inconsistency in cell cycle
synchronization and SILAC media incorporation, we observed
a relatively large variation in the relative abundance measure-
ments of mitosis-specific PTMs across different pulse-SILAC
experiments. For example, the relative abundance of H3S10ph
levels varied from ~20 to ~50% at the 11-h time point across
four experiments (Fig. 3C). To address this issue, we introduced
the normalized distribution of PTMs in this study. As shown in
Fig. 3A, the normalized distributions of H3S10ph at the four

JOURNAL OF BIOLOGICAL CHEMISTRY 15351



Asymmetric Histone Phosphorylation in the Human Cell Cycle
A 3 ® 6 5 6
H3(HS)
® > > > 3 6 —
@ @O @ @ @ OO
%@@ %@@ : H41H4)
S G2

G1 Early M Next G1

Late M
O Old Histone O New Histone @ Histone phosphorylation %a:g Marker(s) on old/new histones

B
9
H14 SETAPAAPAA PAPAEKTPVK KKARKSAGAAK R
10 20 30

AP H3.1/2

H3 AR%?Q%AR?% TGGKAPR?Q}O ATKAAR SAP

YRPGTVALRE IRRYQKSTEL LIRKLPFQRL
50 60 70
DLR

—p—p——Pp
H4 SGRGI?GGKGL GKGGAKRH;D?’ VLRDNIQGIT KPAIRRLARR
10 20 30 40

GGVKRISGLI YEETR
50

FIGURE 8. Preferential PTMs on old histones in mitosis. Schematic showing major findings of this study. A, preferential phosphorylations on old histones in
early mitosis. Histone H1 and H3/H4 tetramers are shown. Open circles indicate old histones and closed circles indicate newly synthesized canonical histones.
According to previous studies (6-8), histone H3/H4 tetramers have very low split rates and therefore old H3/H4 stay together. In early mitosis, most mitotic
histone phosphorylation events preferentially happened on old histone H1 and H3. In late mitosis, both old and new histones were phosphorylated. The
mitotic phosphorylations were erased before cells enter the next G, phase. Our data suggested that one or more markers (Ma) were involved in marking the
old versus new histones in S, G,, and early mitosis. B, shown are histone PTMs that were enriched on old histones in mitosis (Table 1). Only partial protein
sequence is shown for each histone. Peptide sequences that were not analyzed in this study are in gray. The H3.1/2(27-40) peptide is in blue, and the
H3.3(27-40) peptide is in red. The line connecting the four acetylation marks on H4(2-16) peptide indicates only the four-ac was enriched on old H4 but not

two-ac or three-ac (Table 1).

11-h time points were more similar to each other than the rel-
ative abundances (Fig. 3C).

In addition, we provide a snapshot of the normalized distri-
butions of 57 histone PTM statuses in Fig. 2B. We also showed
the relative abundances of these PTM statuses in Fig. 2B and
Table 1. The higher the abundance of a particular PTM was, the
more confident we were. In general, we saw good reproducibil-
ity among experiments for any PTM status having a relative
abundance above 1%.

Possible Mechanisms That Distinguish Old and New His-
tones—It was intriguing to discover the asymmetric distribu-
tion of histone phosphorylation events on old and new histones
in mitosis (Fig. 84). Based on our observations, we hypothe-
sized that there was one or more marker(s) associated with
either the old or new copies of histone proteins. The marker(s)
should be added onto histones at S phase, either marking the
old or newly synthesized histones. Subsequently, the marker(s)
should remain associated with the old or new histones until late
G, and/or M phase as the histone phosphorylation events start.
The marker(s) should be recognized by mitotic kinases that are
responsible for histone phosphorylation. Finally, the marker(s)
should be highly abundant, at least as abundant as the phos-
phorylation marks. We found asymmetric phosphorylation
marks on both core histone H3 and linker histone H1.4, sug-
gesting a common mechanism for all histone phosphorylation
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marks. Interestingly, Ser-10 phosphorylation but not Ser-28
phosphorylation on H3.3 is asymmetrically distributed (Figs.
3D and 4C), suggesting an alternative model that site-specific
markers function locally. Our results suggested both mecha-
nisms could exist and function coherently. Further investiga-
tion is needed to identify the molecular identity of the
marker(s).

Our first candidate for the local marker of H3S10ph was
H3K9me3 given its distribution pattern in mitosis (Fig. 2B), as
well as the fact that H3S10ph is often associated with a neigh-
boring K9me3 (Fig. 4A4). Surprisingly, we showed in Fig. 4C that
the Lys-9 residue was dispensable for the asymmetric distribu-
tion of Ser-10 phosphorylation. In addition, reduction in
K9me2/3 levels did not change the global level of Ser-10 phos-
phorylation (Fig. 4, D—F). Therefore, K9me3 was unlikely to
function as the marker for the asymmetric distribution of the
neighboring Ser-10 phosphorylation on the same H3 tail.

Our data, however, did not rule out the possibility that the
K9me3 on the other H3 molecule within the same nucleosome
served as the marker for Ser-10 phosphorylation. Because the
majority of H3/H4 tetramers (including most H3.3/H4 tetra-
mers) do not split after replication (6 — 8), the H3/H4 tetramers
are either old or new. Thus, H3K9me3 might still serve as the
local marker for the distribution of the H3S10ph in the same
nucleosome. Similarly, K27me2/3 might be the local marker for

SASBMB

VOLUME 291 +NUMBER 29-JULY 15,2016



Asymmetric Histone Phosphorylation in the Human Cell Cycle

H3.1/2S28ph because the K27me2/3-Ser(P)-28 pair resembled
many features of K9me3-Ser(P)-10. In contrast, K9me2/3 and
K27me2/3 were not likely to be the markers for H3T3/6ph or
the linker histone H1.4S26ph, especially given that H1.4 did not
reside in the nucleosomes. Further investigation is required to
test these ideas.

Intriguingly, a similar phenomenon was recently reported in
the Drosophila male germ line (48, 49), where the germ line
stem cells (GSCs) undergo asymmetric cell division to generate
one GSC and one differentiating daughter cell. Chen and co-
workers (48) discovered that old/pre-existing canonical histone
H3 but not H3.3 were selectively segregated to the daughter
GSC. They further showed that H3T3ph was required for the
asymmetric inheritance of H3, and they suggested it was
required in a specific time window (prophase to metaphase)
(49). The asymmetric cell division is only limited to Drosophila
GSCs and is not seen in surrounding somatic tissues, so is the
asymmetric distribution of H3T3ph and directional inheri-
tance of histone H3 (48, 49). However, the observations are
highly similar to ours in this study that mitotic histone ph
mark(s) is(are) enriched on the old histones in early mitosis,
suggesting the underlying mechanism is conserved between
Drosophila and humans.

Epigenetic Inheritance of Histone PTMs—Two distinct mod-
els have been proposed regarding how the epigenetic informa-
tion of histone PTMs is carried through DNA replication as
follows: either the enzymes or the PTMs are associated with chro-
matin and presumably will guide the inheritance after replication.
Mazo and co-workers (50, 51) have shown in Drosophila embryos
that the H3K4me3 and H3K27me3 are lost during replication,
whereas the methyltransferases responsible are retained on
chromosome, suggesting the former mechanism. Contradict-
ing results from Strome and co-workers (52) showed that the
H3K27me3 remains on chromatin in Caenorhabditis elegans
from germline to the next generation. We and others (9-11)
have previously studied histone methylation kinetics in the
human cell cycle, revealing that overall levels of H3K9me2/3
and H3K27me2/3 are not significantly reduced in S phase. The
decreases in relative abundance can be explained by dilution
effects from the newly synthesized histones. In this study we
further showed that many other histone PTMs, including
H3K36me2/3 and H3K79mel/2/3, were enriched on old his-
tones during mitosis (Figs. 24 and 8B and Table 1), supporting
the observations seen in C. elegans that histone PTMs them-
selves are maintained for epigenetic inheritance. In addition,
our results also suggested that the corresponding enzymes
responsible for these PTMs would propagate the information
from old histones to new histones after histone synthesis in S
phase. The differences in the spatial and temporal activities of
these enzymes might be responsible for the distributions we
observed in this study. For example, H3K9me2/3 and
H3K27me2/3 do not recover to their original level until the end
of the next G, phase, suggesting that the responsible enzymes
are mainly active during G,.

Histone acetylations are another major category of PTMs
commonly seen on histones. It is long established that newly
synthesized H3 and H4 carry acetylation (ac) marks and that
deacetylation is essential for the assembly process (6), although
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it remains unclear how the cell manages both deacetylation and
epigenetic inheritance of acetylation at the same time. We
showed in this study that most H3 and H4 ac marks, including
H3K9ac, H3K14ac, H3K18/23ac, H3K18acK23ac, and H4(4 -
17) one-ac, were symmetrically distributed (Fig. 2B and Table
1). Two ac marks, namely H4(4-17) two-ac and H4(4-17)
three-ac were enriched on new histones (Fig. 2B and Table 1).
These two ac marks were of rather low abundance (<10%) and
showed a decreasing trend from the 8.5-h time point to the 11-h
time point, which suggested that they were from a small per-
centage of S phase cells (53, 54). Interestingly, H4(4-17)
four-ac (K5acK8acK12acK16ac) was enriched on the old his-
tones at both time points (Table 1 and Fig. 8B), suggesting that
the epigenetic inheritance of this highly acetylated form (four-
ac) of H4 was regulated differently from its less acetylated forms
(one- to three-ac).

Biological Function of Histone Phosphorylations—Extensive
work has been conducted to uncover the biological functions of
histone phosphorylation marks (45, 46, 55-57). A common
view is that they play distinct roles in interphase and mitosis.
Several phosphorylation marks are implicated in transcrip-
tional regulation of individual genes during interphase (58—
63). However, their roles in mitosis remain elusive, despite the
fact that the abundance of these marks is generally much higher
in mitosis than in interphase (15-21). Our discovery about the
asymmetric distribution of these marks might provide the first
step toward understanding their function in mitosis. We origi-
nally hypothesized that histone phosphorylation marks served
as indicators for distinguishing new versus old histones and
were involved in guiding the inheritance of other histone
PTMs. The reason that phosphorylation levels peak in mitosis
may be because this is the only period during which the cell
must differentiate old from new. However, H3K9me2 was the
only other PTM affected by inhibiting Aurora B in mitosis,
despite the fact that all four asymmetric histone phosphoryla-
tion marks were reduced drastically (Figs. 54 and 7, A-C).
These results suggested that histone phosphorylation marks
were not directly involved in epigenetic inheritance of most
PTMs, with the caveat that the time frame of our experiments
might have been too short to reveal the impact.

Although most Kme2/3s were enriched on the old histones in
mitosis, H3K9me2 showed a symmetric distribution (Fig. 2B
and Table 1). Therefore, it was surprising that H3K9me2, but
not H3K9me3, was affected by Aurora B inhibition (Fig. 54). As
discussed previously, H3S10ph and/or Aurora B might be
involved in either maintenance of old K9me2 or generation of
new K9me2. Our results favored the latter model as we showed
a significant difference in K9me2 levels on the new H3 but not
the old H3 between DMSO and Hes treatments (Fig. 5, B and
C). This observation was contradictory to previous work that
showed Suv39hl was incapable of methylating a Ser-10 phos-
phorylation peptide in vitro (35). The discrepancy may be due
to either indirect interaction of H3K9me2-S10ph/Aurora B (i.e.
mediated by other proteins) or technical limitations in the in
vitro methyltransferase assay. In addition, the reduction in
H3K9me2 levels was rather small, compared with the drop
in H3S10ph and other phosphorylation mark levels. This could
be due to an indirect impact of Hes treatments and therefore
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did not represent a cross-talk between H3S10ph/Aurora B and
H3K9me2. Further work is required to investigate this potential
cross-talk.

Experimental Procedures

Tissue Culture and Synchronization—HeLa S3 cells were cul-
tured and maintained in suspension as described previously
(64). In brief, HeLa cells were cultured in Minimum Essential
Medium Eagle’s Joklik Modification with L-glutamine (Sigma)
supplemented with 10% Hyclone® new calf serum (GE Health-
care) and 100 units/ml penicillin/streptomycin (Life Technol-
ogies, Inc.). HeLa cells were maintained in a density between
1 X 10° and 1 X 10° cells/ml. The cell synchronization proce-
dureisillustrated in Fig. 1A. For the double thymidine block, 2.5
mM thymidine (Acros Organics) was added to the media. The
first block was 18 -19 h. Cells were subsequently released for
8.5-10 h in media without thymidine and subjected to a second
block with 2.5 mm thymidine for 15-17 h. For experiments with
nocodazole, 0.1 pg/ml nocodazole (EMD Millipore) was supple-
mented with normal media after the double thymidine block. For
experiments with the Aurora B inhibitor hesperadin, 100 nM hes-
peradin (EMD Millipore) or equivalent DMSO solvent was added
to the media at 2 h after the double thymidine block. For different
time points collected from the same experiment, a portion was
removed from the suspension culture at each time point and ana-
lyzed by flow cytometry or mass spectrometry.

HEF cells and 293T cells were cultured and maintained as
described previously (33, 34). Briefly, HFF and 293T cells were
cultured in Dulbecco’s modification of Eagle’s medium (DMEM)
with high glucose (Life Technologies, Inc.), supplemented with
10% fetal bovine serum (FBS) (Sigma). HFF cells were cultured
below ~80% confluency to avoid a contact inhibition-induced
quiescence state. Cells below 13 passages were used. 293T cells
were supplemented with 3 pug/ml puromycin (Santa Cruz Bio-
technology) to maintain the HA- and FLAG-tagged H3.3 (WT
or K9M) transgene. For synchronization of HFF and 293T cells,
cells were plated at 20-25% confluency and subjected to serum
starvation with 0.1% FBS for 24 h. Subsequently media with 10%
FBS and 2 mm hydroxyurea were added for 18 h. Normal growth
media with 0.1 ug/ml nocodazole was subsequently introduced
for releasing. G/2 M cells were collected 6 -7 h after releasing (Fig.
1B). For different time points collected from the same experiment,
cells were plated separately in different tissue culture wells/plates
but at identical densities and treated the same.

SILAC Medium Preparation—DMEM lacking L-arginine and
L-methionine was purchased (AthenaES or Thermo Fisher Sci-
entific Inc.). Joklik medium lacking 1-arginine and r-methio-
nine was made from powdered Joklik mixture (Sigma) and sup-
plemented with all the necessary vitamins and amino acids
(excluding L-arginine and L-methionine) based on the standard
recipe. The SILAC medium was supplemented with 10% dia-
lyzed FBS (Thermo Fisher Scientific Inc.), as well as L-arginine-
13C,, **N,-HCl (Cambridge Isotope Labs.) and L-methionine-
(methyl-'C,D,) (Sigma), or regular light L-methionine (Sigma)
according to the standard recipe. Light L-proline (Sigma) was
also added to the medium at 200 mg/liter to prevent conversion
from the heavy arginine (30).
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Histone Extraction, Phosphorylated Peptide Enrichment—
Histones were acid-extracted from cells and processed with
two rounds of chemical derivatization, trypsin digestion, and
desalting by Stage-Tips as described previously (65). These
samples were either subjected directly to on-line nano-LC/
MS/MS (input samples) or were enriched for phosphorylated
peptides.

Phosphorylated peptide enrichment by TiO, was performed
as described previously (65—68). Briefly, propionylated and
desalted histone peptides were mixed with at least a 4-fold
excess of TiO, beads (GL Sciences) in 200 ul of loading buffer (2
M lactic acid (Sigma) in 50% acetonitrile (ACN)). TiO, micro-
columns are made in the same way as Stage-Tips with a C8
mini-disk plug at the bottom of the tip. The histone peptide and
TiO,/bead mixture were added onto the micro-column and
centrifuged at 200 X g for 10—20 min. The micro-column was
then rinsed with 200 ul of loading buffer and 2X 200 ul of wash
buffer (50% ACN with 0.1% trifluoroacetic acid) at 1000 X g.
Elution was performed twice with 200 ul of elution buffer (50
mm KH,PO, in 50% ACN, pH 10.0) at 200 X g. TiO,-enriched
samples were acidified with glacial acetic acid. The samples
were then desalted using Stage-Tips and subjected to on-line
nano-LC/MS/MS.

Nano-Liquid Chromatography Electrospray lonization Tan-
dem Mass Spectrometry (Nano-LC/MS/MS) and Data Anal-
ysis—The samples were loaded onto one of the three instru-
ment setups as shown in supplemental Table S1, all at 300
nl/min. Histone peptides were resolved on a two-step gradient
from 2% ACN to 30% ACN in 0.1% formic acid over 40 min and
then from 30 to 95% ACN in 0.1% formic acid over 20 min. The
mass spectrometers were operated in the data-dependent mode
with dynamic exclusion enabled (repeat count, 1; exclusion
duration, 0.5 min). MS instrument methods were set up as
reported previously (2). Settings for resolution, automatic gain
control, and normalized collision energy are listed in supple-
mental Table S1. For every cycle, one full MS scan (m/z 290 to
1600) was collected and followed by 10 MS/MS scans using
either high energy C-trap dissociation or collision-induced dis-
sociation in the ion trap (supplemental Table S1). All isolation
windows were set at 2.0 71/z. Ions with a charge state of 1 and a
rejection list of common contaminant ions (including keratin,
trypsin, and BSA) (exclusion width = 10 ppm) were excluded
from MS/MS.

For each MS run, 1-2 pug of input samples were loaded. For
TiO,-enriched samples, 20 -300 ug of equivalent were loaded.
A minimum of triplicates was performed for each sample,
except for one time point from a HeLa cell pulse-SILAC that
only two good quality runs were achieved. As illustrated previ-
ously (65), we targeted the m/z for the isobaric peptides and
quantified the relative abundance of their unique b or y ions at
the MS/MS level. Subsequently, we determined the relative
abundance at the MS1 level based on the ratios we obtained,
either manually or by a Matlab-based program, EpiProfile (69).
Data were corrected for differences in detection efficiencies
based on the correction factors generated by a synthetic peptide
library as described previously (70). For phosphorylated pep-
tides that were not included in the synthetic peptide library, an
average correction factor generated from all the peptides with
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the same histone backbone was used. For the histone H3.3(27—
40) peptide, the H1.4(25-32) peptide, and the KIM(9 -17) pep-
tide, no correction factors were available, and thus no correc-
tion was performed.

MH™ masses of peptides quantified are listed in supplemen-
tal Tables S2 to S8. Most pulse-SILAC experiments were per-
formed with the light-to-heavy media switch, with either both
heavy-Arg and heavy-Met labeling or just heavy-Arg labeling.
One pulse-SILAC experiment for HeLa cells was performed
with heavy-to-light media switch, with both heavy-Arg and
heavy-Met labeling in the original media. Histone H3(9-17)
peptides quantified are listed in supplemental Table S2 with
both heavy-Arg and heavy-Met labeling and supplemental
Table S3 with just heavy-Arg labeling. For quantification of old
versus new histone H3 and H4 proteins, four peptides from H3
and two peptides from H4 that are typically unmodified in
mitosis were used to generate an average number for new pro-
tein synthesis (supplemental Table S4). For each peptide, the
light and heavy peptides were quantified, and the sum was set to
be 100%. We also monitored all peptides in supplemental Table
S4 in this analysis for any potential PTMs but did not identify
any in our experiments as expected. The supplemental Tables
S§5-S7 show additional peptides quantified. For differentially
SILAC-labeled methylated peptides of the same modification
(e.g. Lys-9me3:0, Lys-9me3:1, Lys-9me3:2, and Lys-9me3:3),
the relative quantification of all these forms were combined and
summarized. An example is given in supplemental Table S9.

PTM Distribution Normalization—The SILAC labeling of
newly synthesized histone proteins was incomplete, i.e. we did
not get 50% labeling of histones, presumably because of recy-
cling of cellular amino acids. To account for this incomplete
labeling, we normalized the distribution of PTMs based on the
corresponding histone protein labeling efficiency. The normal-
ized distribution was calculated for each pulse-SILAC time
point as shown in Equation 2,

normalized PTM distribution

- PTM on old histone/PTM on new histone
N old histone/new histone

(Eq.2)

For the K9me2 on old or new H3 shown in Fig. 5, B and C, the
normalized distribution was calculated as shown in Equations 3
and 4,

normalized distribution of K9me2 on old H3

~ K9me2on old H3

old H3 €a.3)
normalized distribution of K9me2 on new H3
K9me2 on new H3
= (Eq. 4)

new H3

Old and new H3 and H4 proteins were quantified based on
multiple peptides listed in supplemental Table S4. The H1.4
protein was quantified based on the 25-32 peptide shown in
supplemental Table S6. H3.1/2 and H3.3 proteins were quanti-
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fied based on the 27-40 peptide shown in supplemental Table
S7. H3.3K9M peptides were listed in supplemental Table S8.

Statistical Analysis—The p values were generated by Stu-
dent’s £ test (two-tailed).

Mass Spectrometry Data—The mass spectrometry proteo-
mics data have been deposited to the ProteomeXchange Con-
sortium via the PRIDE (71) partner repository with the dataset
identifier PXD003709 and 10.6019/PXD003709.

Propidium Iodide (PI) Staining and Flow Cytometry Anal-
ysis—As described previously (9), cells were fixed in 70 -80%
ethanol and stained by PI for flow cytometry analysis. Briefly,
one to three million cells were collected and rinsed with phos-
phate-buffered saline (PBS). Cells were subsequently resus-
pended in 1 ml of 4 °C PBS. 100% ethanol (—20 °C) was then
added in a dropwise fashion to reach a total volume of >5 ml
with moderate vortexing. After fixation overnight at 4 °C, cells
were washed with PBS twice. Cells were then incubated with 0.08
mg/ml PI (EMD Millipore) and 0.02 mg/ml RNaseA (Roche
Applied Science) in PBS for >1 h in the dark at room tem-
perature. Flow cytometry was performed in either the Princ-
eton University Flow Cytometry Resource Facility or the Uni-
versity of Pennsylvania Flow Cytometry and Cell Sorting
Resource Laboratory. Data figures were generated using
Flow]Jo.

Metabolomics Analyses—As described previously (9), metab-
olites were extracted from frozen cell pellets with 40% ACN,
40% methanol, and 0.1% formic acid on ice and centrifuged at
5000 X gto collect the supernatant. The supernatant was clar-
ified by centrifugation at 16,000 X g prior to MS analyses.
['*Cy,"*N,]- and ['*C,,'°N,]arginine, ['*Cs,"*N]- and [">C,
'>N]proline, and [**C,H,]- and [**C,D;]AdoMet were quanti-
fied as described previously (72).
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