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Differential Top-Down Mass Spectrometry
Reveals Hypermethylated Proteoforms from
MMSET/NSD2 Overexpression*s
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Jesse Canterbury§, Christopher Mullent, Vlad Zabrouskov§, Ryan T. Fellerst,
Paul M. Thomast, Jonathan D. Licht]], Michael W. Senko§, and Neil L. Kellehert|

Histones, and their modifications, are critical components
of cellular programming and epigenetic inheritance. Re-
cently, cancer genome sequencing has uncovered driver
mutations in chromatin modifying enzymes spurring high
interest how such mutations change histone modification
patterns. Here, we applied Top-Down mass spectrometry
for the characterization of combinatorial modifications
(i.e. methylation and acetylation) on full length histone H3
from human cell lines derived from multiple myeloma pa-
tients with overexpression of the histone methyltrans-
ferase MMSET as the result of a t(4;14) chromosomal
translocation. Using the latest in Orbitrap-based technol-
ogy for clean isolation of isobaric proteoforms containing
up to 10 methylations and/or up to two acetylations, we
provide extensive characterization of histone H3.1 and
H3.3 proteoforms. Differential analysis of modifications by
electron-based dissociation recapitulated antagonistic
crosstalk between K27 and K36 methylation in H3.1, val-
idating that full-length histone H3 (15 kDa) can be ana-
lyzed with site-specific assignments for multiple modifi-
cations. It also revealed K36 methylation in H3.3 was
affected less by the overexpression of MMSET because of
its higher methylation levels in control cells. The co-oc-
currence of acetylation with a minimum of three methyl
groups in H3K9 and H3K27 suggested a hierarchy in the
addition of certain modifications. Comparative analysis
showed that high levels of MMSET in the myeloma-like
cells drove the formation of hypermethyled proteoforms
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containing H3K36me2 co-existent with the repressive
marks H3K9me2/3 and H3K27me2/3. Unique histone pro-
teoforms with such “trivalent hypermethylation” (K9me2/
3-K27me2/3-K36me2) were not discovered when HS3.1
peptides were analyzed by Bottom-Up. Such disease-cor-
related proteoforms could link tightly to aberrant tran-
scription programs driving cellular proliferation, and their
precise description demonstrates that Top-Down mass
spectrometry can now decode crosstalk involving up to
three modified sites. Molecular & Cellular Proteomics
15: 10.1074/mcp.M115.053819, 776-790, 2016.

The field of epigenetics has seen an explosion of research
in the past decade as scientists from different fields discov-
ered its critical roles in many aspects related to human health,
ranging from stem cell pluripotency to aging (1-3), from can-
cer to microbial infection (4-8), from memory processing to
drug addiction (9, 10). Histone modifications, including meth-
ylation (me), acetylation (ac), monoubiquitylation (ub1), etc.,
are related to the study of epigenetics (11, 12). These modi-
fications, as well as their different states in case of methyla-
tion (i.e. mono-, di-, and trimethylation) and positions on the
histone, play important and distinct roles in almost every
activity operative on the chromatin template. The significance
of these modifications are further underscored by the unex-
pected identification of many driver mutations underlying can-
cer biology within histone modifying enzymes (13, 14) and
somatic mutations in histone H3.3 (7, 15, 16).

Widely used antibody-based measurements of histone
modifications face two analytical challenges: (1) similar chem-
ical structure of modification (e.g. three distinct methylation
states of mono-, di-, and tri-methylation) and closely related
flanking sequence can lead to cross-reactivity (17); (2) close
proximity of many modifications can have unexpected effects
in antibody recognition (18). For example, H4K20me2 anti-
body can lose its recognition when acetylation is present in
the neighboring H4K16 (19). Therefore, analyzing histone
modifications by MS can provide a highly valuable orthogonal
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measurement. There are two general modes of interrogation
by MS: Bottom-Up analysis of tryptic peptides, and Top-
Down or Middle-Down measurement of full-length histones or
large tail peptides, respectively (20). The value of mass spec-
trometric analysis of histone modifications in the field of can-
cer epigenetics was further demonstrated by the recent iden-
tification of a recurrent point mutation of E1099K in MMSET in
lymphoid malignancies (8, 21).

The “histone code” hypothesis posits that the combinatorial
nature of histone modifications can serve as the binding plat-
form to elicit specific cellular processes (22). Recently, the
combination of modifications has been used to define chro-
matin states, which are generated from meta-analysis of mul-
tiple ChlP-Seq data sets and found to be highly dynamic
among different cell lines (23). However, this type of antibody-
based technique relies on the associated DNA sequence to
infer PTM co-occurrence from an average of histone modifi-
cations in the same locus but not necessarily on the same
molecule.

MMSET (also known as NSD2 or WHSC1) is one of the
eight known histone methyltransferases targeting H3K36
(24) with specificity toward dimethylation (25). Overexpres-
sion of MMSET has been documented in ~20% of multiple
myeloma cases as the result of chromosomal translocation
t(4;14) (26), which places the MMSET gene under the strong
immunoglobulin enhancers (27). A pair of cell lines, TKO and
NTKO, were engineered from a t(4;14)+ multiple myeloma
patient-derived cell line, KMS11. In the targeted knockout
(TKO)' cell line, the translocated copy of MMSET was
knocked out by homologous recombination, which leads to
close to normal expression level of MMSET. In the nontar-
geted knockout (NTKO) cell line, the non-translocated gene
was knocked out and the expression level of MMSET remains
high (28). Our quantitative Bottom-Up MS assay using selec-
tive reaction monitoring revealed how overexpression of a
HMT targeting H3K36 led to the global changes in both
H3K27 and H3K36 methylation (29-31). Here, our goal was to
make differential Top-Down measurement of two histone H3
variants, whose synthesis is (H3.1) and is not (H3.3) depend-
ent on replication during S phase (32).

To directly catalogue modifications co-occurring on the
same histone (i.e. combinatorial modifications), we have re-
ported Top-Down MS analysis of all histones (33-37) and
Middle-Down MS for 1-50 N-terminal piece of histone H3 (5.3
kDa) (38). Great efforts from many laboratories also continue
to improve the utility of Top-Down and Middle-Down MS for
histone analysis (39-44). However, it is still very challenging
to apply Top-Down approach for the routine analysis of his-
tone proteoforms (45). This was demonstrated in the first pilot

" The abbreviations used are: TKO, targeted knockout; HILIC, hy-
drophilic interaction chromatography; LC, liquid chromatography;
MS, mass spectrometry; ETD, electron transfer dissociation; EThcD,
electron transfer dissociation — higher-energy collision dissociation.

project from the Consortium for Top-Down Proteomics to
assess intra-laboratory variation in the characterization of hi-
stone H4 (46). One of the key limitations identified in that
study was a need for continued improvement in high-resolu-
tion isolation and high-efficiency fragmentation. These two
critical aspects for high quality proteoform characterization
align with the development of a new Orbitrap-based tribrid
mass spectrometer, whose architecture includes a seg-
mented quadrupole for narrow precursor isolation with high
transmission efficiency, improved vacuum conditions, and the
optimization of multiple ion dissociation techniques including
electron transfer dissociation (ETD) (47), higher-energy colli-
sional dissociation (HCD) (48) and their combination (EThcD)
(49, 50). Therefore, we aimed to develop proper workflow and
informatic tools to enable Top-Down comparative interroga-
tion of the most highly modified core histone, H3, upon cel-
lular perturbation.

EXPERIMENTAL PROCEDURES

Cell Culture, Histone Extraction and RP-HPLC Fractionation—
KMS11 TKO and NTKO cells were cultured in RPMI media supple-
mented with 10% FBS (Sigma, St. Louis, MI). Harvested cells were
flash frozen in liquid nitrogen and stored at —80 °C before sample
preparation. Nuclei were isolated with NIB buffer (15 mm Tris, 60 mm
KCI, 15 mm NaCl, 5 mm MgCl,, 1 mm CaCl,, 250 mm Sucrose, 0.5 mm
4-(2-aminoethyl)benzenesulfonyl fluoride hydrochloride (AEBSF), 10
mwm sodium butyrate, and 1 mm DTT, pH 7.5) containing 0.3% Nonidet
P-40 and subsequently washed twice with NIB buffer without deter-
gent. Isolated nuclei were recovered by centrifugation at 600 rcf.
Crude histones were extracted from isolated nuclei with 0.4 N H,SO,
and recovered by precipitation with 20% (w/v, final) trichloroacetic
acid (TCA). The precipitate was washed first with 0.1% HCI in acetone
and twice with pure acetone. Crude histones were then resuspended
in water and subjected to fractionation using reverse phase high
pressure liquid chromatography (RP-HPLC) as described previously
(51). Briefly, histones were separated using a Jupiter C18 analytical
column (Phenomenex, Torrance, CA), 15 cm X 4.6 mm, 5 um diam.,
300 A pores, using a gradient of 30-57% B in 90 min (Buffer A: 5%
ACN, 0.1% TFA; Buffer B: 90% ACN, 0.094% TFA) at a flow rate of
0.8 ml/min using an Agilent 1100 HPLC system (Agilent, Santa Clara,
CA) monitored by UV absorbance at 214 nm. Fractionated histone
H3.1 and H3.3 were collected and dried by speed-vacuum.

Mass Spectrometry—Dried histone pellets were resuspended in
49.95:49.95:0.1 (v:v:v) water/acetonitrile/formic acid (LC-MS grade) at
~1 uM final concentration, and were sprayed using a NanoFlex ion
source (Thermo Fisher Scientific, San Jose, CA) equipped with a
nanoelectrospray static probe and coated glass emitters, applying a
1.7-1.9 kV potential at the emitter. All mass spectrometry measure-
ments were performed on an fETD-enabled (52) Orbitrap Fusion
Lumos mass spectrometer (Thermo Fisher Scientific) operating in
Intact Protein Mode (N, pressure at the ion routing multipole of 1
mTorr), using a resolving power of 60,000 (at m/z 200) and averaging
five microscans for every scan, with transfer capillary temperature set
at 275 °C, the RF of the source ion funnel operating at 20% and a
source offset of 15 V to favor adduct removal. For each histone
fraction, broadband MS" spectra were recorded over a 500-2000 m/z
window using an AGC target value of 2e5. MS' spectra were used to
define a list of histone proteoform peaks differing in mass for ~14 Da,
corresponding to the mass of one methylation. The list included m/z
values corresponding to the most abundant isotopic distribution for
each isobaric proteoform cluster. MS? experiments were based on
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Fic. 1. Full MS scan of charge state 18+ of histone variants H3. 1 and H3.3 from MMSET-Low (upper panels) and MMSET-High (lower
panels) cells. Each peak was defined as a methyl equivalent because they differ by ~14 Da as the results of methylation and acetylation. A
total of 18 methyl equivalents were observed for all four samples, with the first peak matching the mass of completely unmodified H3.1 (left

panels) and H3.3 (right panels).

the isolation and subsequent fragmentation of each of these clusters
for the 18+ precursor. Each proteoform cluster was quadrupole
isolated using a 0.6 Th isolation window, and subjected sequentially
first to high capacity ETD (ETD HD) performed with increasing dura-
tion, and then to EThcD, performed as previously described (50).
lon—ion interaction times in ETD ranged from 1 to 7 ms, whereas
EThcD was performed at a fixed ETD duration of 2 ms varying only the
axial potential applied to the ion routing multipole from 10 to 15 V. All
MS? data were collected over a 300-2000 m/z window, using AGC
target values of 1e6 and 7e5 for precursor and fluoranthene, respec-
tively. The maximum injection time was set to 2000 ms. Spectra
obtained for each MS? condition were recorded for a fixed duration of
1 min.

Data Analysis—For the semiquantitative analysis of MS? spectra,
the sequences of H3.1 and H3.3 were used to create a list of all
theoretical fragment ions with a PTM set including 0-8 methylations
and 0-3 acetylations, and charge states from 1 to 18+: ¢’- and
z®-type ions (hereinafter referred to simply as c- and z-ions) were
considered for ETD experiment, whereas for EThcD (53) the list in-
cluded c-, z-, b-, and y-type ions. ETD MS? spectra were averaged so
that two final spectra were obtained: one including experiments with
ETD durations from 1 to 4 ms, and a second from 5 to 7 ms; EThcD
spectra obtained at 10 and 15 V were also averaged. Ultimately, three
MS? spectra were searched for each proteoform cluster: (1) ETD 1-4
ms, (2) ETD 5-7 ms, and (3) EThcD. An isotope fitting algorithm (54)
developed in-house was used for matching experimental product
ions with a signal-to-noise ratio =3 with the theoretical isotopic
distribution of any product ion included in the above described list,
generated using the that ion’s chemical formula. Matched ion infor-

mation, including spectral intensity, was stored as a Microsoft Excel
file for further processing (see Results section). Fragmentation maps
of selected proteoforms were generated using ProSight Lite (55),
freely available at the URL, http://prosightlite.northwestern.edu.

RESULTS

Direct Infusion Mass Spectrometry of RP-HPLC Purified
Histone H3.1 and H3.3—Although all three H3 variants are
fully separable by RP-HPLC (supplemental Fig. S1B), we fo-
cused primarily on H3.1 and H3.3 which differ in only five
residues (supplemental Fig. S1A). We observed a ~20% in-
crease of H3.3 and a ~10% increase of H3.2 counterbal-
anced by ~25% loss of H3.1 in MMSET-High NTKO cells
compared with TKO (supplemental Fig. S1B). Hereafter, TKO
and NTKO will be simply referred to as MMSET-Low and
MMSET-High, respectively. Seeking a simple Top-Down ap-
proach to decode abundant proteoforms, we directly infused
these fractionated histones and observed familiar charge
state distributions ranging from 25+ to 14+ for H3.1 (supple-
mental Fig. S2) and many isotopic distributions corresponding
to 0-18 methylations in most charge states (Fig. 1). Because
higher charge state favors ETD efficiency but complicates
precursor isolation because of reduced m/z space between
neighboring proteoform clusters, we proceeded with charge
state 18+ for this study (supplemental Fig. S2, inset). A com-
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parison of data from the full MS for the 18+ ions of H3.1 and
H3.3 variants from MMSET-Low and MMSET-High cells is
shown in Fig. 1. Each peak differs by ~14 Da as the result of
methylation (+14.0157 Da) and/or acetylation (+42.0471 Da).
Because the mass difference between trimethylation and
acetylation is only 0.036 Da, it is difficult to distinguish them
using MS" data. For this reason, we refer to these clusters of
isobaric proteoforms by the number of “methyl equivalents”
they contain (38) or “Methyl-Eqgs” for short. The mass of the
lowest mass isotopic distribution matches unmodified H3, so
is Methyl-Eq 0. Overall, in the four samples interrogated here,
we observed up to 18 Methyl-Egs, with a distribution centered
on Methyl-Eq 6. In the presence of MMSET overexpression,
the distribution of Methyl-Egs is narrowly centered on Meth-
yl-Eq 6, whereas in the case of low MMSET the distribution is
broader, with Methyl-Eqs 5 and 7 being as abundant as
Methyl-Eq 6, a change more apparent for H3.1 than for H3.3.
(Fig. 1).

Multiple Proteoforms Within an Isobaric Mixture—Proteo-
form is a term recently proposed to describe all sources of
combinatorial variation in intact proteins, including post-
translational modifications and/or sequence differences (45).
To be consistent with this definition, we refer to histone pro-
teoforms when describing a characterization of all the modi-
fications present within the same intact molecule. By contrast,
combinatorial modifications define the co-existence of any
number of modifications that is greater than two on proteo-
lytic peptides or intact proteins. For example, we have iden-
tified 15 combinatorial modifications of H3K27 and H3K36
methylation in our previous Bottom-Up study of peptides from
H3.1 and H3.2 containing residues 27 to 40, without knowing
the modification status beyond this region (29). In this study,
we were able to achieve a clean isolation of each Methyl-Eq
by virtue of the 0.6 Th isolation window, which ensured the
MS? spectra were derived from a single isolated precursor. An
example of this clean isolation of Methyl-Eq 3 is shown in Fig.
2A. We then carried out MS? experiment using ETD to deter-
mine the proteoform(s) present in the isolated precursor. Ex-
amples of four c-type ions from ETD experiment for the Meth-
yl-Eq 3 precursor are displayed in Fig. 2B. Only one peak was
identified as a cg product ion, and matched this region of H3.1
within —1.2 ppm (first inset of Fig. 2B, peak annotated as
“unmod”). Four peaks were observed as c,, ions, matching
multiple H3.1 proteoforms carrying either no modification, or
1, 2, or 3 methyl groups in the region from residue 1 to 10
(second inset of Fig. 2B, unmod, 1me, 2me, and 3me). On the
other hand, only two sets of peaks (of different charge states)
were found for the c,4 ion, with the majority of them matching
H3.1 proteoforms carrying three methyl groups in the region
from residue 1 to 28 (simply called c,g-3me) together with
small amount of c,g-2me. Because “meX” (i.e. me1, me2, and
me3) are precise terms in the literature to represent “X” num-
ber of methyl groups attached to a single amino acid residue,
we use “Xme” to indicate “X” number of methyl group present

in a single or multiple sites within a certain portion of the
protein sequence. Multiple H3.1 proteoforms, such as
K4me1-K9me1-K27me1, K9me1-K27me2, or K27me3, can all
generate the c,g-3me ion. It is also worth emphasizing that the
average mass error of cz;5-3me ions from averaging multiple
ETD MS? spectra is —1.7 ppm (i.e. —0.006 Da mass error),
allowing the confident assignment of three methyl groups
instead of one acetyl group.

Determination of Major Proteoforms From Isobaric Precur-
sors Using MS? Intensities—The intensities of all matched
c-type fragment ions from different charge states were
summed to generate fragment ion bar graphs (as in Fig. 2C).
For Methyl-Eq 3, no methyl group was found before ion c,,
indicating the lack of any modification from residue A1 to R8.
Four different modification states were found in ¢ ions starting
from residue K9 and their levels were quite stable until reach-
ing K27, where c,,-3me became dominant. The increase of
methyl groups in fragment ions from R8 to K9 and from R26
to K27 (cg-Ome — c4-0,1,2,3me and c,6-0,1,2,3me — c,,-
2,3me, Fig. 2C) provides evidence of methylations occurring
at both K9 and K27. Because there is no modification alter-
nation before cg and very small changes are observed after
C,7, three methyl groups in Methyl-Eq 3 precursor are primar-
ily localized on K9 and K27. Taken together, we determined
that K9me2-K27me1, K9me1-K27me2, and K27me3 are the
three major proteoforms in Methyl-Eq 3 from H3.1 in MMSET-
Low cells. The graphical representations of matched ¢ and z
ions from ETD MS? for these three proteoforms are shown in
Fig. 2D. The great sequence coverage and excellent scores
strongly support the existence of these three proteoforms.
Beyond matching fragment ion masses, the fragment ion bar
graphs used for quantitative reporting of H3 can assist char-
acterization of isobaric proteoforms by tracking changes in
specific regions of sequence; for example, a lack of change in
comparing ¢, to ¢4 ions indicates that no major modification
occupancy exists within this region (including at K36) within
proteoforms from Methyl-Eq 3 of H3.1 in MMSET-Low cells
(Fig. 2C). The above procedures and nomenclature were used
throughout this work to detect major changes in the Methy-
Egs 0-8 on histone H3.1 and H3.3.

Mapping Methylation and Acetylation in a Single Sample—
Using the approach to the Methyl-Eq 3 outlined above, frag-
ment ion graphs for proteoform clusters with Methyl-Egs 1 to
10 from H3.1 in MMSET-Low cells were generated (Fig. 3).
Similarly to Methyl-Eq 3, no modification before ¢4 ion was
observed, except for Methyl-Eq 10. In addition, most of the
modifications appear in the region between ¢y and c,,, or
between cy and c54 in Methyl-Eqs 5 and 8. Because mass
resolution and accuracy in MS? are enough to distinguish
acetylation from trimethylation, we were able to assign spe-
cific modifications whereas ambiguity is present for MS" data.
To our delight, it was far less complicated than one would
expect from the random combination of acetylation and meth-
ylation. The first 10 methyl equivalents of H3.1 from MMSET-
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Fic. 2. Determination of the major proteoforms in Methyl Equivalents 3 of H3. 1 from MMSET-Low cells. A, Precursors with 3 Methyl
Equivalents were isolated using a quadrupole isolation window of 0.6 Th. B, Examples of c ions from ETD spectra and their matched
modifications. C, Summed intensities of matched fragment ions observed in MS? were plotted across the H3.1 sequence to generate the
fragment ion bar graph. D, Graphic presentation and scores of major proteoforms determined from ETD-MS? by ProSight Lite (PCS, proteoform
characterization score). Green, cyan, and purple squares indicate mono-, di-, and tri-methylation respectively. Red fragment ion flags: ¢ and
z ions.

Low cells can be divided into three groups according to the contains Methyl-Eqs 6 to 8, which carry one acetyl group
number of acetyl moieties contained. The first group includes together with three to five methyl groups. For this second
Methyl-Egs 1 to 5 that have no acetylation. The second group  group, we observed the co-occurrence of acetylation only
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Fic. 3. Fragment ion graphs of methyl equivalents from 1 to 10 in H3. 1 variant of MMSET-Low cells. Averaged MS? spectra intensities
from all matched c ions were plotted with absolute intensity in y axis and cleavage sites in x axis. Color bars represent different combinatorial
modifications of methylation and acetylation from data base search. Most modification patterns (represented by color bars) changes were
occurred between cgyand c,; ions (first two columns) except Methyl-Eq 5 and 8 (third column), where changes occurred between ¢4 and c4.
One acetylation was observed in Methyl-Eq 6-8 (third row) and two acetylations in Methyl-Eq 9-10 (fourth row). No modification was found
in all ¢ ions before cg ion (including cg, indicated by arrows) except 4% of single methyl in cg from Methyl-Eq 10.

when =3 methyl groups in H3K9 and H3K27, suggesting a
hierarchy of modifications in this region. The third group is
composed of Methyl-Eqgs 9 and 10 having two acetyl groups
with three or four methyl groups, respectively. Overall, meth-
ylation in H3.1 from MMSET-Low cells is rather concentrated
in K9 and K27 (1-4 methyl groups with or without acetyl
groups). Major monomethylation appears in K36 when there
are four methyl groups present in K9 and K27, together with
or without acetyl groups (Methyl-Eqgs 5 and 8, respectively,
Fig. 3).

The identical three groups described above are also pres-
ent in H3.3 from MMSET-Low cells (supplemental Fig. S3),
except containing higher amount of methylation in K36. By

contrast, the overall modification pattern was very different in
H3.1 and H3.3 from MMSET-High cells (supplemental Fig.
S4). Compared with MMSET-Low cells, the number of maxi-
mum methyl groups increases from 5 to 7 and acetylation
co-exists with five methyl groups in K9, K27, and K36 (Meth-
yl-Eq 8) instead of three.

Normalized Fragment lon Graphs to Determine Major His-
tone Proteoforms—To better visualize the modification pat-
terns in three key residues (K9, K27, and K36), we selected
two c-type fragment ions for each of them; these were c,, and
C,1, Co7 and C,g, and C54 and Cyg, respectively. The identity of
modifications (i.e. number of methyl groups) in these three
overlapping regions (from N terminus to cleavage site),
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FiG. 4. Normalized fragment ion graphs of Methyl Equivalents from 0 to 8 using selected two sets of c ions from two cleavage sites.
cg and c,, were used to determine relative modification levels present in K4+K9; c,, and c,g for K4+K9+K27; and czs and czg for
K4+K9+K27+K36. Mean: average of normalized values calculated within all detected c ions from the same cleavage residue; error bar:
standard deviation. Noting that only a single set of ¢ ions was detected in several cases. Methylation Index (M) = > (%methylation * number
of methyl groups). AMI(K27) = MI(K27)-MI(K9), AMI(K36) = MI(K36)-MI(K27). AMI(K9) = MI(K9) with assumption of no major methylation in K4.
AMI represents the levels of methylation in each site with a range of 0 (completely unmodified) to 3 (all trimethylated). Ml and AMI are listed
in supplemental Table S1.

namely K9, K9+K27, and K9+K27+K36, were inferred by Fig. 4. For example, (K9+K27)-1me was calculated by aver-
matching theoretical fragment masses and further normalized  aging c,,-1me/total c,, and c,g-1me/total c,5. The normal-
against the total intensities of all ions from the same cleavage ized modification levels from two sets of fragment ions usually
site. The means of normalized levels were then used to rep- agree with each other as indicated by rather small standard
resent the relative amounts of different modifications shownin  deviation. Because of the stochastic nature of the MS?2 event,
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TABLE |
Summary of observed histone proteoforms. Observed major proteoforms of histone H3.1 from MMSET-Low (Methyl Equivalents 1 to 10) and
MMSET-High cells (Methyl Equivalents 1 to 8). Bold font indicates confidently determined proteoforms and italic font is ambiguous assignments.
N.D., not determined

Methyl-Eq H3.1 -
MMSET-Low MMSET-High
1 K9me1 (~25%), K27me1 (~75%) K9me1 (~20%), K27me1 (~5%), K86me1 (~75%)
2 K9me2 K9me2
K27me2 K36me2
K9me1-K27me1 K27me1-K36me1
K9me1-K27me1l
K9me1-K36me1
3 K9me2-K27me1 K9me2-K36me1
K9me1-K27me2 K9me1-K27me1-K36me1
K27me3 K27me1-K36me2
4 K9me2-K27me2 K9me2-K36me2
K9me1-K27me3 K9me2-K27me1-K36me1
K9me1-K27me1-K36me2
K27me2-K36me2
5 K9me2-K27me2-K36me1 K9me2-K27me1-K36me2

K9me1-K27me3-K36me1
K9me3-K27me1-K36me1
K27me3-K36me1-K79me1

6 K9me2-K18/23ac-K27me1
K9me1-K18/23ac-K27me2
K9me3-K18/23ac
K9me2-K27me2-K36me1-K79me1

7 K9me2-K18/23ac-K27me2
K9me1-K18/23ac-K27me3

8 K9me2-K18/23ac-K27me3
K9me3-K18/23ac-K27me2
K9me2-K18/23ac-K27me2-K36me1

K9me2-K18/23ac-K27me1-K36me1-K79me1

9 K9me2-2ac (K14, K18, K23)-K27me1
10 K9me2-2ac (K14, K18, K23)-K27me2

K9me2-K27me2-K36me1
K9me1-K27me2-K36me2
K27me1-K36me3-K79me1
K9me2-K27me2-K36me2
K9me1-K27me3-K36me2
K9me3-K27me1-K36me2
K9me2-K27me1-K36me2-K79me1
K9me2-K27me3-K36me2
K9me1-K27me3-K36me2-K79me1
K9me3-K27me2-K36me2
K9me2-K18/23ac-K27me1-K36me2
K9me3-K18/23ac-K27me1-K36me1

zZz
oo

some selected fragment ions were not present in a few cases.
However, at least one set of fragment ions was available for
the quantitation. It is worth emphasizing that these relative
modification levels represent the corresponding modifications
in the region from the N terminus to the cleavage site (c-type
fragment ions). We use these normalized values to infer the
methylation levels in three key residues, K9, K27, and K36,
with the assumption that they are major methylation sites in
terms of abundance and most acetylation in H3 are localized
in K14, K18, and K23 based on previous studies by us and
others (51, 56-59). Because methylation of K4 was mostly not
observed in H3.1 (Fig. 3 and supplemental Fig. S4A) or pres-
ent as minor monomethylation in H3.3 (supplemental Fig. S3
and supplemental Fig. S4B), the methyl group(s) present in
K4+K9 as shown in Fig. 4 can be interpreted as methylation
in K9.

Localizing multiple methylations at multiple sites from MS?
data is challenging because of “convolving effect” (explained
in detail in supplemental Fig. S5). There are three scenarios in
reconstructing methylation in three sites from MS?: ambigu-
ous assignment, confident assignment with a possible abun-
dance range, and confident assignment with exact abun-
dance determination(s). Taking Methyl-Eq 3 of H3.1 from
MMSET-High (red bar in the third panel of second row in Fig.

4) as an example, the observation of two methyl groups in
K9+K27 (fragment ion region 2) does not simply mean
K27me2. It could also indicate K9me1-K27me1, and/or
K9me2. Moreover, it could be any combination of one, two, or
three of these modification forms. In this case, we can only
determine possible proteoforms as K9me2-K36me1, K9me1-
K27me1-K36me1, and K27me1-K36me2 (listed in italic font in
Table | as ambiguous assignment). However, such a convolv-
ing effect only happens when region 2 (K9 +K27) is heteroge-
neous with different modifications. If there is only a single
modification in region 2, the exact proteoform can be deter-
mined. In the case of Methyl-Eq 1 of H3.1 from MMSET-Low
(the first panel of first row in Fig. 4), we could not only
determine existing proteoforms but also measure their abun-
dance. This category is listed in bold font with abundances
within parentheses in Table I. Another example is the case of
K9me2-K27me2-K36me2 in Methyl-Eq 6 from MMSET-High
cells. With 62% of K9-2me, 88% of (K9+K27)-4me, and 80%
of (K9+K27+K36)-6me, the lower boundary of this triple di-
methylation is 30% (the minimal level of possible co-occur-
rence of the three dimethylations). More explicitly, the 30%
minimal level of KO9me2-K27me2-K36me2 would occur when
K9mez2 is connected with all of K27 and K36 carrying modi-
fications other than dimethylation; this can be described
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mathematically as: 62%-(100-88%)-(100-80%), whereas
the upper boundary is 62% (i.e. the maximal level of the
triply-dimethylated proteoform when all KOme2 is connected
with all the K27me2 and K36me2 present). In other words,
there is enough overlap of dimethylation across three sites to
ensure their coexistence in the same molecule simply based
on the abundance of each modification despite the fact that
their connectivity was lost in MS?. Overall, we have unambig-
uously assigned 16 proteoforms of H3.1 in MMSET-Low and
10 in MMSET-High cells (listed in bold font in Table I).

A Unique Proteoform With Trivalent Hypermethylation in
MMSET-High Cells—Because H3K9me2/3 and H3K27me2/
3 are well known marks for transcriptional repression and
H3K36me2 is associated with transcriptional activation and
elongation (30), the observation of K9me2-K27me2/3-
K36me2 in Methyl-Eqs 6 and 7 from MMSET-High is very
intriguing. We named this observation of histone proteoforms
with di- and/or tri-methylation at K9, K27, and K36 as “triva-
lent hypermethylation” to be consistent with the well-known
bivalent mark of H3K4me3-K27me3.

The raw MS? spectra of Methyl-Eq 6 of H3.1 from both
MMSET-High and MMSET-Low cells are shown in Fig. 5A.
C,0-2me, C,og-4me, and cz5-6me were the major peaks in
MMSET-High cells, consistent with the quantitation results
shown in normalized fragment ion graph (the sixth panel of
second row in Fig. 4). By contrast, the major proteoform of
Methyl-Eq 6 in MMSET-Low cells is K9me2-K18/23ac-
K27me1 (one acetylation in K18 or K23, as supported by
fragment ions shown in Fig. 5B). In addition, the average mass
errors for c;,°*-6me in MMSET-High and ¢;5°"-3me+1ac in
MMSET-Low cells were —1.7 and 3.0 ppm, respectively.
These corresponded to —0.007 Da and 0.011 Da mass errors,
which were enough to distinguish trimethylation from acety-
lation (a 0.036 Da difference). To better characterize proteo-
forms in Methyl-Eq 6, we also performed EThcD MS? exper-
iment, where two types of fragmentation techniques, ETD and
HCD, are combined. As shown in Fig. 5C, all three dimethy-
lations were well localized by c-type ions with at least one ion
immediately before and one after each modified residue as
indicated by red fragment ion flags. In addition, b and y ions
from HCD provided some complementary fragmentations in
the internal region (blue fragment ion flags). The excellent
characterization was further demonstrated by great sequence
coverage and P-Score (1.2 X 107'"3). Consistent with the
heterogeneous proteoforms observed in raw ETD MS? spec-
tra (Fig. 5A) and the normalized fragment ion graph (the sixth
panel of second row in Fig. 4), K9me3-K27me1-K36me2 was
another proteoform present in Methyl-Eq 6 in MMSET-High
H3.1 (Fig. 5C). However, its abundance was much lower, with
upper boundary of ~10% of the trivalent dimethylation pro-
teoform estimated by the difference in K9 methylation using
the normalized fragment ion graph (Fig. 4). Similarly, KO9me2-
K27me3-K36me2 and K9me3-K27me2-K36me2 were found
in Methyl-Eq 7 in H3.1 only from MMSET-High cells (the

seventh panel of second row in Fig. 4). The raw ETD MS?
spectra and the graphical representation of the fragment ions
supporting the existence of these proteoforms arising from
trivalent hypermethylation are shown in supplemental Fig. S6.
Furthermore, these unique trivalent proteoforms are also
present in H3.3 from MMSET-High cells (the fifth and sixth
panel of fourth row in Fig. 4).

Methylation Reporting for Individual Sites Via the Methyl
Index—A semi-quantitative measurement of overall methyla-
tion occupancy at each site by Top-Down mass spectrometry
is an alternative way to roll up the data and complementary to
Bottom-Up because the variation in detection efficiency for
different histone peptides in Bottom-Up is difficult to control
(60). Therefore, we calculated a methyl index (M) for three key
methylation sites from normalized modification levels deter-
mined by selected c ions.

Methylation Index (Ml) = %(%methylation
X number of methyl groups present in fragment ion)

The difference of MI from two consecutive sites (A M) was
then used to represent the overall levels of methylation in
individual sites, namely K9, K27, and K36. Because there is
only one value for each site using this scheme, comparing the
difference of two consecutive sites becomes straightforward
without the problem of convolving effects mentioned above.
As shown in supplemental Table S1A, Mls of K36 in Methyl-
Egs 1-5 of both H3.1 and H3.3 from MMSET-Low cells and
Methyl-Eqgs 1-7 from MMSET-High are very close to the total
methyl number identified in precursor. The rest of them were
close to methyl equivalents in their respective precursors after
adding three methyl equivalents because of the acetylation.
The slight deviation from theoretical Mls at K36 was because
of the methylation beyond K36, primarily because of K79
methylation. Interestingly, the higher abundance of K79 meth-
ylation is associated with hypermethylated H3 (Methyl-Eqgs
5-8).

To test the utility of Ml analysis for Top-Down data, we
compared these results to targeted Bottom-Up quantitation
for the identical four samples analyzed above using a Selec-
tive Reaction Monitoring (SRM) approach we developed pre-
viously to measure relative levels of methylation on five H3
peptides covering K4, K9, K27, K36, and K79 (29). Three
interesting patterns were identified from MI analysis. First,
less K9 methylation was observed in H3.3 from Methyl-Eqgs 2
to 8 in MMSET-Low cells by Ml analysis (the first panel of Fig.
6, no K9me2 in Methyl-Eq 1), which is consistent with the
SRM result (supplemental Fig. S7). In addition, higher K9
methylation was found in Methyl-Eqs 6 and 7 of H3.1 from
MMSET-High cells, where trivalent hypermethylation was
present. Second, similar to the previously reported cross-talk
between K27 and K36 methylation in H3.1 and H3.2, the
degree of antagonism (i.e. increase of K36me2 with the con-
comitant decrease of K27me2/3) is less in H3.3. As shown in
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Fic. 5. Different proteoforms present in Methyl Equivalent 6 for H3. 1 variant in the presence of MMSET overexpression. A, Raw mass
spectrometry data of ¢ ions from ETD-MS? and their matched modifications. Graphic representation of major proteoforms determined by
ETheD and ETD (B) or ETheD alone (C) using ProSight Lite. Green, cyan, and purple squares indicate mono-, di-, and tri-methylation
respectively; red square: acetylation; red fragment ion flags: ¢ and z ions; blue fragment ion flags: b and y ions.

Fig. 6, there were similar amounts of K36 methylation in
MMSET-High for both H3.1 and H3.3. By contrast, the
amount of K36 methylation in H3.3 from MMSET-Low cells is

higher relative to H3.1. In other words, the basal K36 meth-
ylation in H3.3 is higher than for H3.1 and therefore less of an
increase of K36 methylation was observed upon overexpres-
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Fic. 6. Overall methylation levels in three major methylation
sites of histone H3 (K9, K27, and K36) determined by calculating
A Methyl Index using normalized modification levels derived from
ETD MS? spectral intensities (also see Fig. 4 and supplemental
Table S1).

sion of its methyltransferase; this is consistent with the SRM
results shown in supplemental Fig. S7. Third, there was a
surprising increase of K27 methylation in MMSET-High cells
in Methyl-Eqgs 6 and 7, which was opposite with the overall
trend of the decrease in K27 methylation from the remaining
Methyl-Egs (second panel of Fig. 6). Importantly, the increase
of K27 methylation in Methyl-Eqgs 5 and 6 is likely because of
trivalent hypermethylation and therefore not detected by Bot-
tom-Up MS.

DISCUSSION

Hierarchy of Acetylation—The lack of acetylation in Methyl-
Egs 1-5 in MMSET-Low or Methyl-Egs 1-7 in MMSET-High
suggests a hierarchy of acetylation. In other words, acetyla-
tion only coexists with at least three methyl groups in
MMSET-Low. Both Top-Down and Bottom-Up MS detected
and localized these acetylations to K14, K18, and K23. Al-
though histone acetylations are thought to be associated with
transcriptional activation and hence localized to promoters

A Hierarchy of Acetylation
Co-existed with at least 3me (MMSET-Low) or 5me (MMSET-High)

+
[ 1
me|1/2 1/2’ mel/2  me2 .

Cc
K4 K9 K14K18K23 K27 K36 K79
B/ Trivalent Hypermethylations in MMSET-High
m 2 EE
K4 K9 K14K18K23 K27 K36 K79

Fic. 7. Summary of histone modification crosstalk identified by
Differential Top-Down mass spectrometry of histone H3 in this
study. A, Observation of the presence of acetylation on histone H3
with at least three methyl groups (MMSET-Low) or five (MMSET-
High). B, The aberrant co-existence of hypermethylation (di- and
tri-methylation) on lysine 9, 27, and 36 of histone H3 in multiple
myeloma cells with MMSET overexpression.

and enhancers (61), the stoichiometry of K14 and K23 acety-
lations (~30% in MMSET-Low) suggest their genomic local-
ization could be much broader. To put this conclusion in
perspective, stoichiometry of promoter/enhancer-associated
H3K4me3 is less than 1% in H3.1. Therefore such coexis-
tence of acetylation with K9 and K27 (plus K36 in MMSET-
High) methylation (Fig. 7A) is not surprising. In fact, quantita-
tion of K9 acetylation from KoSTGGKAPR,, peptide by
Bottom-Up MS has found that K14 acetylation can coexist
with mono- and di-methylated K9 (~20% K9me1/2-K14ac
versus ~30% K9me1/2-K14unmod in supplemental Fig. S7).
Moreover, a recent identification of the PHD-bromo cassette
of tripartite motif 33 (TRIM33) showed an unanticipated read-
out of H3 peptide containing unmodified K4, K9me3, and
K18ac (62), which corroborates the existence of acetylation
with K9me2/3. Another interesting finding by Bottom-Up MS
is a significant reduction of histone acetylation in MMSET-
High (>30% decrease at H3K23 and >15% at H3K14, sup-
plemental Fig. S7). Importantly, decrease of acetylation in the
presence of MMSET overexpression was also detected by the
Top-Down analysis, where acetylation appears until Meth-
yl-Eq 8 in MMSET-High cells compared with Methyl-Eq 6 in
MMSET-Low.

H3.1 versus H3.3—There are three histone variants in mam-
malian cells (32). The canonical histone H3.1 and H3.2 are
DNA-replication dependent variants because they are depos-
ited to chromatin during S phase. By contrast, the production
of H3.3 is DNA replication independent and can be deposited
throughout cell cycle. Importantly, H3.3 is known to facilitate
gene transcription by the formation of a less stable H3.3-
H2A.Z-containing nucleosome (63). In the past, we have iden-
tified an increase of K86me2 with concomitant decrease of
K27me2/3 in MMSET overexpressed multiple myeloma cells
by measuring K,,SAPATGGVKKPHR,, peptide liberated from
total histone using Bottom-Up MS (29). We were able to
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exclude H3.3 because of the amino acid difference in residue
31 from alanine to serine (A31S, supplemental Fig. S1). Here,
we repeated the same analysis using RP-HPLC fractionated
H3.1 and H3.3 from the same pair of myeloma cell lines.
Similar pattern changes were observed in H3.1 compared
with previous studies, suggesting there is no significant dif-
ference between H3.1 and H3.2 in terms of K27 and K36
methylations. The most striking alterations of modification
patterning on H3.1 upon MMSET overexpression were: a 3-
fold increase in K27me1-K36me2 (from 15% to 50%), a >10-
fold decrease in K27me2 (from 38% to 2%), and a >5-fold
decrease in K27me3 (from 8% to 1%). By contrast, the in-
crease of K27me1-K36me2 on H3.3 was mostly lost (went
from 32% to 37 %), despite the strong decrease of K27me2/3
on H3.3 (observed at ~5-fold; supplemental Fig. S7).

In this Top-Down analysis of full-length histone, we have
demonstrated that the modifications found in H3.3 using
selected fragment ions containing K9, K9+K27, and
K9+K27+K36 are more complicated with less degree of
overlap than that in H3.1. For this reason, we were unable to
unambiguously determine the proteoforms for most Methyl-
Egs in H3.3, except Methyl-Eqs 1 and 2. However, methyl
index analysis of Methyl-Egs 1 to 8 have confirmed the alter-
ation of methylation in K27 and K36. Very interestingly, the
methylation switchover between K27 and K36 can be found in
all Methyl-Egs for both H3 variants (Fig. 6), except Methyl-Eq
5 from H3.3. The consistency of two orthogonal analytical
platforms, Bottom-Up and Top-Down MS, corroborated the
findings presented here.

Determination of Histone Proteoforms by Top-Down Mass
Spectrometry—As shown in this study, reconstructing the
complete proteoform from MS? data is not always possible
because the connectivity of multiple methylations can be lost
in certain cases (supplemental Fig. S5). Because of the rela-
tively simple methylation patterns observed on histone H3.1
from the samples analyzed in this study, we were able to
determine 26 unique proteoforms manually. A future imple-
mentation of mathematic modeling using linear equations can
increase the number of confidently assigned proteoforms and
further enable the quantitation of identified proteoforms. In
addition, targeted MS® experiments can resolve ambiguous
cases encountered (64). In short, the complete decoding of
full-length histone H3 proteoforms present at >5% will be
possible, and with additional separations those down to
0.01% total abundance can be accessed (44, 65).

Top-Down Versus Bottom-up MS for Detecting Disease-
associated Modification Patterns—In this study, we have de-
termined the abundance range of trivalent hypermethylated
H3.1 (K9me2-K27me2-K36me2) identified in MMSET-High to
be ~30-60% of Methyl-Eq 6. Considering Methyl-Eq 6 is the
most abundant peak among total of 18 charge states, we
estimated the level of this trivalent dimethylation form is at the
range of ~5-10% of total H3.1. In addition, H3.1 K9me2-
K27me3-K36me?2 is present in Methyl-Eq 7 in MMSET-High

cells. Because these H3.1 proteoforms arising from trivalent
hypermethylation are largely absent in MMSET-Low, the
abundance difference is expected to be very high. However,
using the surrogate of these proteoforms (K27me2-K36me2)
observed in the Bottom-Up approach simply misses the major
difference changing in the system. More specifically, the rel-
ative level of H3.1 K27me2-K36me2 is ~2% in MMSET-High
and ~1% in MMSET-Low by Bottom-Up MS (supplemental
Fig. S7). The discrepancies between two approaches is likely
because of the variations in detection efficiencies of H3K27-
K36 peptide carrying different methyl and propionyl groups as
chemical derivatization is necessary to generate uniformly
peptides for the quantification by Bottom-Up (66). The ioni-
zation efficiencies of these different peptides could vary sig-
nificantly depending not only on their physicochemical prop-
erties but also matrix effects. Although it can be corrected by
spiked-in SILAC peptide (60), it is an expensive approach for
the complicated challenge of capturing major changes in
modifications patterns. For example, SILAC peptides are
needed to correct for differences in ionization efficiency for
combinatorial K27 and K36 methylations of H3.1/2 and H3.3.
On the other hand, modifications in intact protein are far less
likely to affect ionization efficiency drastically, making it more
robust for differential studies (33). In addition to this technical
issue, a more fundamental problem associated with Bot-
tom-Up MS might lead to the failure of detecting disease
associated histone modifications. It is likely that K27me2-
K36me2 is associated with other modifications (such as
acetylation and present in Methyl-Eq > 10). When K27me2-
K36me2 is used as a surrogate in Bottom-Up, it averages the
increase of K9me2-K27me2-K36me2 and the decrease of
K27me2-K36me2 that is associated with other modifications
in MMSET-High and leads to misunderstanding of the true
dynamics operative in the system.

Trivalent Hypermethylation— A major finding from a recent
ChIP-Seq study using H3K36me2 antibodies to probe the
same isogenic cell lines used here was that clear H3K36me2
peaks around the transcription start site (TSS) in gene rich
regions were obliterated and new H3K36me2 peaks appear-
ing in gene poor regions when MMSET is overexpressed (30).
This finding was consistent with results uncovering aberrant
gene expression patterns (30). More specifically, despite a
~3-fold increase in H3.1-K36me2, only small subset of genes
were affected (522 genes up-regulated and 308 genes down-
regulated). Given our results with the unanticipated redistri-
bution of H3K36me2 from intragenic to intergenic regions in
MMSET-High cells, we posit that the K9me2-K27me2/3-
K36me2 proteoforms (Fig. 7B) are relocated to heterochro-
matic regions and may disturb normal genetic programming.
It is very tempting to postulate that trivalent hypermethylation
is not only the result of aberrant histone methyltransferase
but also leads to the disease-causing epigenetic activities
through the abnormal recruitment of chromatin effectors.
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