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Quantitative Mass Spectrometry Reveals that
Intact Histone H1 Phosphorylations are Variant
Specific and Exhibit Single Molecule
Hierarchical Dependence*s

Yu Chent**, Michael E. Hoover§**, Xibei Dang9|, Alan A. ShomoY], Xiaoyan Guani,
Alan G. Marshalltq], Michael A. Freitas§|, and Nicolas L. Youngt|

Breast cancer was the second leading cause of cancer
related mortality for females in 2014. Recent studies sug-
gest histone H1 phosphorylation may be useful as a clin-
ical biomarker of breast and other cancers because of
its ability to recognize proliferative cell populations. Al-
though monitoring a single phosphorylated H1 residue is
adequate to stratify high-grade breast tumors, expanding
our knowledge of how H1 is phosphorylated through the
cell cycle is paramount to understanding its role in carci-
nogenesis. H1 analysis by bottom-up MS is challenging
because of the presence of highly homologous sequence
variants expressed by most cells. These highly basic pro-
teins are difficult to analyze by LC-MS/MS because of the
small, hydrophilic nature of peptides produced by tryptic
digestion. Although bottom-up methods permit identifica-
tion of several H1 phosphorylation events, these peptides
are not useful for observing the combinatorial post-trans-
lational modification (PTM) patterns on the protein of in-
terest. To complement the information provided by bot-
tom-up MS, we utilized a top-down MS/MS workflow to
permit identification and quantitation of H1 proteoforms
related to the progression of breast cells through the cell
cycle. Histones H1.2 and H1.4 were observed in MDA-MB-
231 metastatic breast cells, whereas an additional histone
variant, histone H1.3, was identified only in nonneoplastic
MCF-10A cells. Progressive phosphorylation of histone
H1.4 was identified in both cell lines at mitosis (M phase).
Phosphorylation occurred first at S172 followed succes-
sively by S$187, T18, T146, and T154. Notably, phosphory-
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lation at S173 of histone H1.2 and S172, S187, T18, T146,
and T154 of H1.4 significantly increases during M phase
relative to S phase, suggesting that these events are cell
cycle-dependent and may serve as markers for prolifera-
tion. Finally, we report the observation of the H1.2 SNP
variant A18V in MCF-10A cells. Molecular & Cellular
Proteomics 15: 10.1074/mcp.M114.046441, 818-833, 2016.

Histones are the proteins around which DNA is wrapped.
Two copies each of the four core histones H2A, H2B, H3, and
H4 constitute the histone octamer, which is bound by ~147
base pairs of nucleosomal DNA. Linker histone H1 is involved
in chromatin compaction and binds in the linker region where
the DNA enters and exits the nucleosome. Because of their
proximity to and inherent interaction with the genetic material,
histone post-translational modifications, including those to
H1, have an effect on all chromatin-templated processes (1).
The genomic instability underlying carcinogenesis may be
initiated by a combination of aberrant epigenetic modifica-
tions (to both DNA and histones) and genetic mutations in
oncogenes and tumor suppressors (2). Modifications to the
core histones have been reported as potential biomarkers in
bladder (3, 4), prostate (5), lung (6), renal (7), pancreatic (8),
and breast (9) cancers. Despite analytical challenges associ-
ated with the study of H1, novel and specific roles of this
protein and its sequence variants have been reported in the
literature in recent years (10).

Breast cancer is the second leading cause of cancer related
mortality of females in the United States and was estimated to
account for 232,650 new diagnoses and 40,000 deaths in
2014 (11). Novel biomarkers of breast cancer are desirable,
particularly to combat false-positive mammograms occurring
in ~10% of cases that may result in invasive treatment (12).
The activity of modifying enzymes with specificity for histones
has been implicated in breast cancer (13, 14). There is evi-
dence to support the existence of crosstalk networks be-
tween well-characterized DNA methylation and histone
methylation events occurring in breast cancer (15, 16). Fur-
thermore, this crosstalk is modulated by histone H1 in
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mouse ES cells (16). Moreover, H1 variants may have spe-
cific roles in transcriptional regulation (17, 18). A key factor
in the ability of all histone H1 variants to play a regulatory role
is the abundance of reversible post-translational modifica-
tions (PTMs)" in their N- and C-terminal domains. These reg-
ulatory mechanisms are known to be combinatorial in nature.
For instance, H1 phosphorylation may preclude methylation
or acetylation of neighboring lysine residues (19). Like core
histone acetylation, H1 acetylation has been linked to tran-
scriptional activation and cell cycle progression (19, 20).
Phosphorylation of H1 results in dynamic changes to the
chromatin that may include condensation or relaxation, but
the functional and contextual contributions of individual pro-
teoforms remain an ongoing area of research interest. A pro-
teoform here refers to a single permutation of PTMs present
on a histone protein (21). Nonallelic H1 sequences (i.e. H1.2,
H1.3, H1.4) are referred to as variants independently of mod-
ifications to the protein sequences.

Because H1 phosphorylation is maximal during M phase
(22-26), it has been used to distinguish mitotic cell popula-
tions in proliferative cancers, including head and neck (27-
30), cervical (31), bladder (32), and breast (33) cancers and
holds great potential as a clinical biomarker of other hyper-
proliferative cancers. H1 phosphorylation occurs at specific
sites as a function of the cell cycle (34-40). However, a lack
of commercially available antibodies restricts the study of
many of these modifications beyond identification. We previ-
ously used a polyclonal antibody against phosphorylated H1
residue threonine 146 (T146ph) to stratify high- and low-grade
bladder and breast tumors by the use of immunohistochem-
istry (32, 33). Others have shown that the same phosphory-
lation event cooperates with acetylation of the p53 C-terminal
domain to enable p53-dependent transcription upon chemi-
cally induced DNA damage (41, 42). These observations sug-

' The abbreviations used are: PTM, post-translational modification;
DMEM, Dulbecco’s modified Eagle medium; ECD, electron capture
dissociation; ESI, electrospray ionization; FT-ICR, Fourier transform
ion cyclotron resonance; HILIC, hydrophilic interaction liquid chroma-
tography; HPLC, high-performance liquid chromatography; LC, liquid
chromatography; MRM, multiple reaction monitoring; MS/MS, tan-
dem mass spectrometry; NP-40 Alternative, (Nonylphenol nonylglycol
ether); PBS, phosphate-buffered saline; SNP, single nucleotide poly-
morphism; TFA, trifluoroacetic acid.

Supplemental Information Available. Figures showing broadband
spectra of histone H1 from asynchronous cells and cells blocked at S
and M phases in cell line MDA-MB-231 and MCF-10A. ECD fragmen-
tation maps of all proteoforms observed in histone H1 from cell lines
MDA-MB-231 and MCF-10A. Segments of ECD product ion mass
spectra of phosphorylated histone H1.2 SNP variant A18V from asyn-
chronous cells of cell line MCF-10A. Peak annotations in ECD product
ion mass spectra of asynchronous and S phase histone H1.2 SNP
variant A18V, and asynchronous phosphorylated histone H1.2 SNP
variant A18V. In addition, we provide annotated ECD product ion
mass spectra for all identified proteoforms as validation of correct
identification. This information is available free of charge via the
internet at http://pubs.acs.org/.

gest multifaceted functions of T146ph. Based on the se-
quence similarity in the proximity of the T146 residue in H1.2,
H1.3, and H1.4, antibody cross-reactivity is highly likely and
problematic to the thorough study of this important event.
Because of the lack of highly specific antibodies, the study of
H1 PTMs has been mostly based on bottom-up MS. Analysis
of H1 variants by this approach is complicated by H1’s highly
basic sequences containing numerous lysine-rich regions. In
fact, there are few tryptic peptides greater than four amino
acids in length in the C-terminal domains of H1.2, H1.3, or
H1.4. Sequence homology within the more MS-conducive
globular domains renders the variants indistinguishable by
bottom-up methods (10).

A significant limitation of PTM identification by bottom-up
MS is its inability to associate concomitant PTMs within the
intact protein. Information about co-occurring modifications
in a proteoform is inherently lost during the process of enzy-
matic digestion unless they are present on the same peptide.
Middle-down digestion poses an alternative strategy for map-
ping combinatorial PTMs, but the H1 sequences and the
location of common PTM sites are such that digestion by
those proteases do not result in a dramatically simplified
peptide containing most of the combinatorial complexity and
with variant specificity (10). For example, the use of GIuC for
H1 analysis results in approximately a third of the sequence
being indistinguishable as to the variant of origin because of
identical peptides. The use of AspN produces only two pep-
tides and adds little value over a direct top-down experiment.
In both cases, all information about the overall modified state
(or proteoform) is lost because common PTMs are found
throughout the entire sequence and not clustered in the N-
terminal domain, as is the case with H3 and H4.

Top-down MS/MS has been applied to the study of linker
histone PTMs in multiple systems, including H. sapiens (35), T.
thermophila (43), and D. melanogaster (44) and has also been
used to localize core histone PTMs (45-47). Untargeted bot-
tom-up MS is not quantitative for PTM identification because
of sampling bias associated with an under-abundance of the
modified peptide. Similar oversampling may occur if phos-
phorylation is enriched at the protein or peptide level. Thus,
the degree of modification remains unknown without addi-
tional experiments such as stable isotope labeling, multiple
reaction monitoring (MRM), or Western blotting. To overcome
the limitations of bottom-up MS and a lack of antibodies
against modified H1 sites, we have implemented a top-down
MS/MS-based strategy to identify breast cancer-relevant H1
modified sites with proteoform level specificity. By fragment-
ing intact histone proteins, we can capture quantitative
information about the global modification status of the pro-
tein. Complete characterization by use of complementary
MS techniques is integral to our understanding of the func-
tionality of individual proteoforms, particularly for studying
cancer and other diseases governed, at least in part, by
epigenetics (47, 48).
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In the present study, we examine H1 PTMs in the metastatic
cell line MDA-MB-231 and the nonneoplastic cell line MCF-
10A. Histones were extracted from cells grown asynchro-
nously or synchronized chemically with nocodazole or thymi-
dine. Proteoforms associated with M phase (mitosis;
nocodazole blocked) likely play roles in the processes asso-
ciated with nuclear division, whereas those specific to S
phase (synthesis; thymidine blocked) may be players in DNA
replication. Electron capture dissociation (ECD) was applied
to intact histones to generate fragment ions. ECD spectra of
variants in different modification states were subjected to
database search by novel in-house software and ProSight
PTM software for fragmentation mapping (49-52). The relative
abundance of each proteoform at different phases of the cell
cycle was determined as validation of our previously reported
phospho-H1 profiling of breast cancer cells (33). We also
report the identification of an amino acid substitution A18V on
H1.2, which has been previously observed twice by hydro-
philic interaction liquid chromatographic (HILIC) methods (53,
54). However, it has never been reported by top-down mass
spectrometry at the intact protein level and never in MCF-10A
cells. Furthermore, we report the PTMs in the A18V SNP
variant for the first time. The implementation of a top-down
MS/MS-based approach provides information that is comple-
mentary to our previous study, but provides identification of
multiply occurring modifications at the proteoform level and
distinguishes analogous PTM sites in different variants. We
are thus able to determine the occupancy of the phosphory-
lation sites across multiple variants.

EXPERIMENTAL PROCEDURES

Cell Growth—MDA-MB-231 and MCF-10A cell lines were obtained
from and passaged as prescribed by the American Type Culture
Collection. Cells were incubated at 37 °C with 5% CO,. Growth
medium for MDA-MB-231 cells was adapted from Fogh (55) and
contained high-glucose DMEM with L-glutamine (Life Technologies,
Grand Island, NY) supplemented with 10% fetal bovine serum (Sig-
ma-Aldrich, St. Louis, MO), 50 U/mL penicillin and 50 ug/mL strep-
tomycin (Life Technologies). Growth medium for MCF-10A cells was
adapted from Soule et al. (56) and contained DMEM supplemented
with 5% horse serum (Life Technologies), 20 ng/mL recombinant
human epidermal growth factor (PeproTech, Rocky Hill, NJ), 0.5
mg/mL hydrocortisone (Sigma-Aldrich), 10 ng/mL recombinant hu-
man insulin (Sigma-Aldrich), 10 ng/mL cholera toxin (Sigma-Aldrich),
penicillin, and streptomycin.

Cell Synchronization— Asynchronously grown cells were harvested
at ~70% confluency. An S phase block was performed with two
rounds of thymidine administration as performed previously by our
lab (33). Briefly, a thymidine (Sigma-Aldrich) solution in PBS (Life
Technologies) was added at a final concentration of 2 mm to cells
grown to ~30% confluency. Cells were incubated for 18 h then
supplemented with normal growth medium. Cells were grown an
additional 9 h then blocked again in thymidine for 18 h and collected.
M phase block was performed as performed previously by our lab
(83). Briefly, nocodazole (Sigma-Aldrich) was added at a final concen-
tration of 100 nm to cells grown to ~70% confluency. Cells were
treated for ~22 h and collected. Cells were stored at —80 °C prior to
histone extraction.

Nuclei Isolation—Frozen cell pellets containing 50 m cells were
thawed on ice. Nuclei isolation buffer (15 mm Tris-HCI, pH 7.5, 60 mm
KCI, 15 mm NaCl, mL 5mm MgCl,, 1 mm CaCl,, 10% Nonidet P-40,
and 250 mM sucrose) was added at a ratio of 10:1 to the cell pellets.
The cells were gently mixed and incubated for 5 min at 4 °C. Pellets
were centrifuged at 600 X g for 5 min at 4 °C and gently washed with
nuclei isolation buffer (without Nonidet P-40) at a ratio of 10:1 multiple
times. Supernatant was discarded and the remaining isolated nuclei
were used promptly for acid extraction.

Acid Extraction—0.2 m H,SO, was added to the isolated nuclei at
a ratio of 5:1 (viv), and any clumps of nuclei were disrupted by
vortexing. The pellets were held on a rotator in a cold room for ~2 h
for histone extraction by H,SO,. The mixture was pelleted at 3400 X
g for 5 min and the supernatant containing the bulk histones was
transferred to several 1.5 mL conical tubes. 25% of the supernatant
volume of 100% trichloroacetic acid was added to the conical tubes
and kept on ice for ~60 min to precipitate histones. The mixture of
histones was centrifuged at 10,000 rpm for 5 min, and the superna-
tant was discarded. The precipitated histones were washed with 1.0
mL of acetone with 0.1% HCI once, followed by a wash with 100%
acetone. The mixture of histones was centrifuged at 10,000 rpm for 5
min and was air-dried overnight for HPLC separation.

HPLC Separation— Extracted histones were subjected to purifica-
tion and separation by reversed-phase high-performance liquid chro-
matography (HPLC) with a Dionex UltiMate 3000 X 2 Dual Analytical
system (Thermo Scientific, Waltham, MA). Extracted histones were
dissolved in 350 ul mobile phase A (95% H,0, 5% CH3CN, 0.2% TFA)
and loaded onto a 4.6 X 250 mm, 5 um, 300 A pore size C,g column
(218TP52, GRACE/Vydac, Columbia, MD) as reported elsewhere (57—
59). Mobile phase B consisted of 5% H,0, 95% CH5CN, and 0.188%
TFA, increasing linearly from 5% to 30% in 5 min, and then increasing
0.3% B/min to 60% at 105 min. Fractions were collected with an
UltiMate 3000 Autosampler (Thermo Scientific) and dried by vacuum
centrifugation (model SPD121P; Thermo Scientific). The histone H1
fraction was dissolved in H,O and further diluted to ~1.0 um in
H,O/CH4CN (50/50) with 1.0% formic acid solution for MS analysis.

9.4 T FT-ICR Mass Spectrometry—Intact protein mass measure-
ment and electron capture dissociation (ECD) were performed with a
custom-built Fourier transform ion cyclotron resonance (FT-ICR)
mass spectrometer equipped with a 220 mm horizontal room-tem-
perature bore 9.4 T magnet (60). Positive ions generated by ESI were
introduced into vacuum via a heated capillary, and focused by a dual
ion funnel (61-63). lons emanating from the dual ion funnel were
transferred through a differential pressure chamber by a quadrupole
ion guide operated at 2.0 MHz and ~300 V,,_, rf amplitude. lons of
interest were mass-selected by a quadrupole mass filter before ac-
cumulation in an external octopole ion trap (64), then transferred to an
open-ended cylindrical ICR trap (65).

An electron beam was generated for ECD experiments by an
on-axis 3 mm diameter dispenser cathode-based electron gun
mounted at the back end of the instrument. Electrons were injected
into the ICR cell for 50 ms, followed by a 100 ms electron cleanup
event. —2.5 V and +10 V dc potentials were applied to the cathode
and accelerating grid during electron injection. Otherwise, the cath-
ode and accelerating grid were kept at +10 V and —200 V. To
optimize the overlap of the ion cloud and electron beam inside the
ICR trap for maximized fragmentation efficiency, a ~50 ms delay was
added prior to ECD analysis to compensate for ion magnetron motion
in the ICR trap. Instrument control, data acquisition, and data analysis
were carried out with a modular ICR data station (66). lons were
excited by frequency-sweep (50 Hz/us) and the ~950 ms time-
domain ICR transient (resolving power at m/z 400 is ~170 K) was
Hanning apodized, zero-filled once, and Fourier transformed to pro-
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charge ratio spectrum by a two term calibration equation (67,68).

Proteoform Identification—Novel in-house software (Young Algo-
rithm, Internal Release June 2014) was used to localize all PTMs
(lysine acetylation; serine, threonine and tyrosine phosphorylation) in
a variant-specific manner to determine specific proteoforms. Magni-
tude mode MS/MS spectra were converted to absorption-mode
spectra by phase correction before PTM localization (69). Briefly, a
custom database of six known histone H1 variants derived from the
UniProt database was used: H1.0 (accession number P07305), H1.1
(accession number Q02539), H1.2 (accession number P16403), H1.3
(accession number P16402), H1.4 (accession number P10412), and
H1.5 (accession number P16401). As described in the text below,
several other sequences and PTMs (formylation, dimethylation, and
single nucleotide polymorphisms) were later considered. The isotopic
distributions of all potential fragment ions of all proteoforms (pro-
duced by combining allowed PTMs) were enumerated. An objective
function based on the sum of peak heights of all valid peaks (with
appropriate flanking isotopes and within a mass tolerance of 3, 5, or
10 ppm) at the m/z of the theoretically most abundant fragment ion
was optimized against all possible proteoforms. PTM localizations
were also conducted by use of ProSight PTM 1.0, based on a 10 ppm
error tolerance for comparison with the in-house software. In this
case, absorption-mode ECD spectra were processed by use of a
THRASH algorithm (70) to generate fragment monoisotopic masses
followed by ProSight PTM analyses for product ion assignments. In all
cases, both software packages agreed on the identities of all PTM
localizations/proteoforms. To verify important findings, key peaks for
proteoform identification and PTM localization were manually vali-
dated. The mass errors for most peaks were substantially less than
the search tolerance and those outside the expected distribution were
further manually scrutinized.
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Relative Abundance of PTMs—The absolute abundance of each
proteoform was determined from the highest magnitude isotopic
peak in the broadband mass spectrum. The peak heights of proteo-
forms were averaged based on two biological replicates, each of
which has three technical replicates, and standard deviations of rel-
ative abundance were calculated based on the total of six replicates.
The absolute abundance of each proteoform was normalized to the
total abundance (summation of absolute abundance of all identified
proteoforms in the same broadband spectrum) to determine the
relative abundance of each proteoform. During total phosphorylation
determination, the relative abundances of the phosphorylated proteo-
forms were normalized to the total (phosphorylated plus nonphos-
phorylated) relative abundance of a specific sequence variant, H1.2,
H1.3, or H1.4. ANOVA tests were performed to analyze relative abun-
dance of different proteoforms, histone H1 variants, or phosphoryla-
tion sites among asynchronous, S phase, and M phase cells. The
relative abundances were further examined by t-tests between S
phase and M phase, following the ANOVA tests. Relative abundances
of different proteoforms, histone H1 variants, or phosphorylation sites
between MDA-MB-231 and MCF-10A cell lines were analyzed by
t-tests. All statistical analysis was based on six replicates.

RESULTS

MS1 Analysis of Histone H1 PTMs in Breast Cell Lines—A
top-down MS/MS approach was employed to analyze histone
H1 variants in metastatic and nonneoplastic cells. As shown in
Fig. 1, histone variants H1.2, H1.2 SNP (A18V), H1.3, H1.4,
and numerous post-translationally modified forms were iden-
tified. Fig. 2 depicts representative mass spectra of histone
H1 variants, H1.2 (35™), H1.3 (377), and H1.4 (36™) from
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Fic. 2. Positive ESI 9.4 T FT-ICR mass spectra of identified proteoforms from cell lines MDA-MB-231 and MCF-10A.

MDA-MB-231 and MCF-10A cells grown asynchronously and
chemically blocked at S and M phases of the cell cycle. A
complete list of identified proteoforms and their relative abun-
dances is provided in supplemental Table S1. Broadband
mass spectra of histone H1 at different stages of the cell cycle
with charge states ranging from 34+ to 41+ are shown in
supplemental Fig. S1. Histones H1.2, H1.3, and H1.4 were
observed in MCF-10A cells. As reported previously, the H1.3
variant was absent in the MDA-MB-231 cells (33). For both
cell lines, histone H1.2 was invariably observed with an N-ter-
minal acetylation, and all further PTMs coexist with this con-
stitutive PTM (71, 72). Monophosphorylation of H1.2 was also
identified in both cell lines. Note that the H1.2 SNP variant
A18V was observed in MCF-10A cells but is absent from
MDA-MB-231 cells. Supplemental Table S2 shows the exper-
imental mass of the H1.2 SNP variant A18V, determined from
two biological replicates, each repeated three times (three
technical replicates). The averaged experimental intact mass
difference for the H1.2 SNP variant A18V in the present study
is 28.037 Da with a standard deviation of 0.012 Da. Given the
calculated mass difference for H1.2 SNP variant A18V is
28.031 Da, the experimental error is 0.0061 Da or 0.52¢. With
11 degrees of freedom (Supplemental Table S2 includes 12
measurements), the 95% confidence interval is =0.026 Da.

The calculated mass difference for the A18V SNP is actually
closer to the mean experimental mass than over 50% of the
experimental distribution, placing it well within the range of
experimental error. We considered the possibility of dimethy-
lation, which has an identical mass difference as SNP variant
A18V. After MS/MS analysis, the possibility of dimethylation is
low or ruled out based on observed fragments, as discussed
in later sections. The complete absence of mono and trim-
ethylated MS1 peaks further controverts the possibility of a
dimethylation event. We also considered the possibility of
formylation, which has a calculated mass difference of 27.995
Da. In that case, the experimental error is 0.043 Da or 3.610.
With 11 degrees of freedom, the true formylation mass falls
outside of the 99.5% confidence interval for the distribution.
Because of low relative abundance of H1.2ac at M phase,
isotopic peaks for this proteoform were buried in noise.
Therefore, the mass information for H1.2ac at M phase was
not considered during peak assignment shown in supplemen-
tal Table S2. In addition, monophosphorylation of histone
H1.2 SNP variant A18V was observed for asynchronous and S
phase MCF-10A cells, whereas diphosphorylation of the H1.2
SNP variant A18V was observed in M phase MCF-10A cells,
as shown in Fig. 2. Acetylation and monophosphorylation of
histone H1.3 were identified only for MCF-10A cells. For both
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tion on which we expand below. Multiple phosphorylations

were observed for acetylated histone H1.4 from both cell
lines. S phase synchronization of both cell lines resulted in the

m/z
Fic. 3. Fig. 3A: ECD product ion FT-ICR mass spectrum of histone H1.4 with N-terminus acetylation and triphosphorylations from

975.0
cell line MDA-MB-231. Fig. 3B (Next Page) ECD fragmentation mapping by custom software.

925.0 950.0

900.0

cell lines, acetylated and nonacetylated histone H1.4 were

observed. The nonacetylated histone H1.4 exists at low abun-
dance and always exhibits monophosphorylation, a connec-
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Fic. 3 B ECD fragmentation map of the spectrum.

identification of mono and diphosphorylation of histone H1.4.
At M phase, H1.4 proteoforms containing tri-, tetra-, and
pentaphosphorylation were also observed. These results are
in accordance with similar work by Zheng et al. in the HeLa S3
cell line (35).

MS/MS ECD of Histone H1 Variants and PTM Localiza-
tions—Database searches of ECD MS/MS data against Uni-
Prot human histone H1 sequences result in localization of
PTMs of histone H1.2, H1.3, and H1.4. Fig. 3 shows a repre-
sentative annotated ECD fragmentation spectrum and ion
map of histone H1.4 exhibiting three phosphorylations from
MDA-MB-231 cells. Other ECD fragmentation maps of his-
tone variants with modifications are shown in supplemental
Figs. S2 and S83. Annotated spectra for all proteoforms are
also available in the Supplemental Information. For both cell
lines, acetylation of histone H1.2 occurs at the N terminus
(supplemental Fig. S2). In both cell lines, a single phosphor-
ylation of acetylated histone H1.2 was observed at serine 173
(S173). A previous MS/MS analysis reported the identification
of threonine 146 (T146) phosphorylation on histone H1.2 (33).
Therefore, in order to determine if T146 and S173 phospho-
rylation coexist on H1.2, experimental ECD fragmentation
spectra were searched against the histone H1.2 sequence
with T146 phosphorylation. However, no matched fragments
distinguishing T146 from S173 were identified as shown in red
in supplemental Fig. S2. This result suggests that phospho-
rylation on T146 of histone H1.2 does not exist at a levels
sufficient to contribute unique ECD fragments to the spec-
trum. This observation is in line with the requirement of phos-
phopeptide enrichment to detect phosphorylated T146 of
H1.2 in our previous report (33). Histone H1.4 does exhibit
phosphorylation at T146 in the presence of S172 phosphoryl-
ation (a site directly analogous to H1.2 S173 phosphorylation).
The ability of Zheng et al. (35) to detect T146 phosphorylation
of H1.2 by top-down MS/MS indicates that this modification
may be present at significantly different levels across cell

types.

MCF-10A  Asynchronous S phase
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Fic. 4. Mass scale-expanded segment of ECD product ion FT-
ICR mass spectra of histone H1.2 SNP A18V from asynchronous
and s phase cells of cell line MCF-10A, showing identification of
Ci627, C1g2t, C192T, Cap2T, €27, and c,,37, ions.

ECD fragmentation analysis identifies H1.2 SNP variant
A18V from cell line MCF-10A. Fragmentation ions were num-
bered without considering the N-terminal methionine, which
does not exist in the histones of the present study. Several
segments of ECD product ion mass spectra for asynchronous
and S phase histone H1.2 SNP variant A18V with N-terminal
acetylation clearly show identification of ¢, ¢4 ", C49° 7,
Coo?’, Cx2", and c,4°" ions and localization of the SNP
variant A18V, as shown in Fig. 4. Lysine 21 (K21) dimethyla-
tion of histone H1.2 was also considered because of its iden-
tical precursor mass compared with H1.2 SNP variant A18V.
Observation of c;s2" and c,,?2* ions suggests that the
28.0374 Da mass shift occurs between K17 and K21. More-
over, observation of ¢,g* and ¢,4>" ions, which is 28.037 Da
higher than calculated mass of c,g°" and c,¢>" ions from
unmodified H1.2, further pinpoints the mass shift at either A18
or proline 19 (P19). Because neither A18 nor P19 is a suitable
dimethylation substrate, the possibility of a dimethylation of
histone H1.2 is ruled out. As a result, the proteoform observed
here is histone H1.2 SNP variant A18V.

A mass consistent with H1.2 SNP variant A18V of M phase
histone H1.2 was also observed in the broadband spectrum
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TABLE |

TasLE Il

Selected ECD fragmentation ions identified in asynchronous H1.2SNP  Selected ECD fragmentation ions identified in asynchronous H1.2SNP

A18V N, -ac A18V N _-ac S173ph
Charge Theoretical Mass Error Charge Theoretical Mass Error
lon Type State MS m/z m/z (Ppm) lon Type State MS m/z m/z (Ppm)
Cie 1" 1519.7726  1519.7738 0.80 Cie 1" 1519.7735 1519.7738 0.21
Cie 2+ 760.3913 760.3903 1.35 Cie 2+ 760.3914 760.3903 1.48
Cig 2+ 858.4491 858.4516 2.89 Cig 2+ 858.4522 858.4516 0.70
Cio 2% 907.9872 907.9851 2.33 Cio 2% 907.9835 907.9851 1.76
Coo 2+ 972.5354 972.5343 1.17 Coo 2+ 972.5359 972.5343 1.69
Coq 2+ 1036.5820 1036.5818 0.19 Coq 2+ 1036.5829 1036.5818 1.05
Coq 3 691.3911 691.3901 1.43 Coq 3 691.3909 691.3901 1.14
Coo 2+ 1100.6301 1100.6294 0.68 Coo 2+ 1100.6297  1100.6294 0.31
Coo 3" 734.0892 734.0888 0.54 Coo 3" 734.0893 734.0888 0.67
Co3 2% 1136.1484  1136.1475 0.78 Co3 3 757.7681 757.7673 1.12
Cos 3+ 757.7680 757.7673 0.98 Cos 3+ 781.4460 781.4467 0.87
Co4 3" 781.4468 781.4467 0.15 [ 2+ 1235.7137  1235.7142 0.41
Cos 2% 1235.7156  1235.7142 1.13 Cos 3 824.1459 824.1444 1.83
Cos 3+ 824.1454 824.1444 1.22 Cog 3+ 866.8442 866.8431 1.29
Coe 3" 866.8439 866.8431 0.94
TABLE Il Phosphorylation was identified at S173 of histone H1.2 SNP
Selected ECD fragmentation ions identified in S Phase H1.2SNP A18V  A18V from asynchronous cells as shown in the ECD fragmen-
N.-ac tation map, supplemental Fig. S3. The abundance of the
Charge Theoretical ~Mass Error phosphorylated histone H1.2 SNP A18V ions from S and M
lon Type MS m/z o ) .
State m/z (Ppm) phases was not sufficiently high for ECD MS/MS analysis;
Cre 1+ 1519.7741  1519.7738 0.18 therefore, ECD experiments were performed only for asyn-
Cie 2" 760.3909 760.3903 0.82 chronous cells. A diphosphorylated form of H1.2 SNP A18V is
N
C1s ; Sgggggg gg?gg:—,? 8‘7‘; observed in M phase of MCF-10A cells but was not localized.
Cio . . . ] . .
Con ot 972 5338 972 5343 0.47 Inall c.ases, H1 .2 SNP A18V was N termlnally acetylated. This
Cor ot 1036.5813  1036.5818 0.49 result is the first proteoform level analysis of the PTMs present
Coq 3 691.3907 691.3901 0.85 in H1.2 SNP A18V.
Coo 2" 1100.6281  1100.6294 1.14 Acetylation at the N terminus of histone H1.3 in the MCF-
N
Coz 3 734.0890  734.0888 0.27 10A cell line was identified, as shown in supplemental Fig. S3.
Caa 27 1136.1467  1136.1475 0.72 Although monophosphorylation was also observed on histone
Coa 3+ 757.7677  757.7673 0.59 9 phosphory
Con 3+ 781.4465  781.4467 0.23 H1.3, ECD fragmentation was not performed for phosphory-
Cos 2" 1235.7129  1235.7142 1.06 lation localization because of low ion abundance. Although
Cos 3" 824.1451 824.1444 0.86 H1.3 has a serine at position 174 that aligns with the abundant

from cell line MCF-10A; however, precursor ion abundance
was insufficient for ECD fragmentation. Therefore, ECD prod-
uct ion mass spectra for histone H1.2 SNP variant A18V in M
phase were not included. Moreover, c,s°", Cg°", Cio° 7,
Coo? T, CarZ ™, Cae3 ™, 021, and ¢,,° T ions were also observed
for a phosphorylated H1.2 SNP variant, confirming H1.2 SNP
A18V, as shown in supplemental Fig. S4. Note that because of
N-terminal methionine excision and the convention within the
field of histone H1 studies to include the N-terminal methio-
nine in the amino acid numbering scheme, numbering of ¢
type ions is shifted by —1 relative to the numbering of the
amino acids. Mass errors for relevant c type ions for determi-
nation of variant A18V are listed in Tables |-lll below ~2.0
ppm. Peak annotations are shown in supplemental Figs. S5-
S7. Corresponding ECD fragmentation maps are shown in
supplemental Fig. SS3.

H1.4-S172 and H1.2-S173 phosphorylation sites, it lacks the
trailing proline that is known to be important in kinase target-
ing (73), making it incorrect to assume that S174 is the likely
phosphorylation localization. Furthermore, the observed H1.3
phosphorylation does not exhibit the cell cycle dependence
observed at sites in the other variants analogous to S174.
Given that the H1.2/H1.4 phosphorylation at S173/S172 ap-
pears to be required for further phosphorylation of the other
variants observed, this difference in sequence may play an
important role in conferring to H1.3 a function distinct from
these other variants.

Monophosphorylation of the nonacetylated histone H1.4 for
both cell lines was localized on serine 2 (S2) through different
phases of the cell cycle as shown in supplemental Fig. S2.
Sequence coverage of the ECD fragmentation map of histone
H1.4 monophosphorylation (in the absence of N-terminal
acetylation) is not sufficient to distinguish it from threonine 4
phosphorylation because of the low precursor ion abundance.

Molecular & Cellular Proteomics 15.3
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Fic. 5. Relative abundances of the proteoforms observed from cell lines MDA-MB-231 and MCF-10A at different cell cycle stages.

Asterisk denotes p value less than 0.05.

However, S2 phosphorylation on histone H1.4 was previously
reported by mass spectrometry (10), consistent with our re-
sults. All other proteoforms of histone H1.4 were identified
with an acetylation at the N terminus. These observations
suggest a possible antagonistic mechanism by which S2
phosphorylation (located on the side chain of the N-terminal
residue) and Na-acetylation of the N terminus inhibit each
other. For S phase and asynchronous histone H1.4, mono-
phosphorylation (S172ph) and diphosphorylation (S172ph
and S187ph) were identified. Although triphosphorylation of
asynchronous and S phase histone H1.4 was also observed,
its relative abundance was not sufficient for ECD experiments
to localize the third phosphorylation site. However, histone
H1.4 was identified with five M phase phosphorylations for
both cell lines. As shown in supplemental Figs. S1-S3, phos-
phorylation of histone H1.4 occurs sequentially: first at
S172, second at S187, third at T18, fourth at T146, and fifth
at T154. This type of hierarchical relationship of PTMs at the
single molecule level we describe here can be revealed only
by top-down MS/MS. Furthermore, our top-down analysis

gives variant specificity, played out at least in these cell
lines primarily on H1.4. Note that H1.3 lacks an analogous
site to H1.4S172 and H1.2 lacks a site analogous to
H1.4S187, the first and second sites for the sequential
phosphorylation of H1.4. Histone H1.2 phosphorylation at
S173 and histone H1.4 phosphorylation at T18, T146, T154,
S172, and S187 have all been characterized as consensus
cyclin-dependent kinase (CDK) sites (10).

Characterization of Histone H1 PTMs Across the Cell Cy-
cle—Previous studies have suggested accumulated phos-
phorylation of histone H1 throughout the cell cycle reaches a
maximum during M phase (22-26). Here, we monitored all
phosphorylation sites at different phases of the cell cycle with
proteoform specificity to discover changes in phosphorylation
as cells advance through the cell cycle. Quantitative changes
of all modifications to histone H1 at S and M phases of the cell
cycle, as well as in asynchronous cells, are shown in Fig. 5,
and p values from ANOVA and t-tests are listed in supple-
mental Table S3. S173 phosphorylation occurs on N-termi-
nally acetylated histone H1.2 (H12ac), leading to a decrease
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MDA-MB-231 Total Phosphorylation Normalized to Variants
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Fic. 6. Normalized total phosphorylations of histone variants
from cell lines MDA-MB-231 and MCF-10A at different cell cycle
stages. Asterisk denotes p value less than 0.05.

of the H12ac proteoform and an increase in phosphorylation
for both cell lines during M phase. Consistent with that ob-
servation, mono and diphosphorylated histone H1.2 SNP
A18V (H12SNPacph and H12SNPacph2) also increase at M
phase compared with S phase. Acetylated and phosphor-
ylated histone H1.3 in MCF-10A cells maintain stable levels as
the cells enter M phase. S2 phosphorylation (S2ph) of histone
H1.4 maintains stable levels across the entire cell cycle in the
MDA-MB-231 cell line, whereas it decreases by about twofold
as MCF-10A cells enter M phase. Note that these cell cycle
behaviors of H1.4-S2ph and H1.3ph are markedly different
than the other H1 phosphorylation events, all of which dra-
matically increase in M phase. For both cell lines, exclusively
acetylated histone H1.4 dramatically decreases as a result of
progressive phosphorylation at S172, S187, T18, T146, and
T154 as the cells enter M phase, as shown in Fig. 5. S2ph is
not observed in these hyperphosphorylated species despite
being present as a monophosphorylated species, and thus
appears to be part of an unrelated pathway. At M phase, H1.4
diphosphorylation increases by 66.4% and 94.2% for MDA-
MB-231 and MCF-10A cells relative to S phase; triphospho-
rylation increases by more than 14-fold in MDA-MB-231
cells and more than fivefold in MCF-10A cells. Notably, H1.4
tetra- and pentaphosphorylation were not detected at S

MDA-MB-231 Phosphorylation Sites Normalized to Variants
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Fic. 7. Normalized phosphorylations at each identified modifi-

cation site of histone variants from cell lines MDA-MB-231 and

MCF-10A at different cell cycle stages. Asterisk denotes p value
less than 0.05.

phase in either cell line; however, those respective proteo-
forms are characterized as 7.0% and 2.5% of total histone
H1 observed in MDA-MB-231 and 5.4% and 1.3% of total
histone H1 observed in MCF-10A cells at M phase. Our
results suggest that H1 phosphorylation occurs predomi-
nantly at M phase in these cell lines, a finding that is
consistent with previous studies (32-39). Our results also
reveal that some less abundant H1 phosphorylations, H1.4-
S2ph and H1.3ph, do not follow this prevailing cell cycle
dependent behavior.

Global phosphorylation of histone H1.2 and H1.4 normal-
ized to the total population of each variant is shown in Fig. 6.
p values from the associated ANOVA and t-tests are listed in
supplemental Table S4. Histone H1.2 phosphorylation in the
MDA-MB-231 cell line occurs solely at S173 as represented
by the proteoform H12acph. In contrast, the H1.2 phosphor-
ylation profile of the MCF-10A cell line includes multiple phos-
phorylated proteoforms: H12acph, H12SNPacph, and
H12SNPacph2. Sites of histone H1.4 phosphorylation include
S2, S172, S187, T18, T146, and T154. Overall phosphory-
lation of histone H1.2 increases by 58.3% and 111.2% for
MDA-MB-231 and MCF-10A cells blocked in M phase com-
pared with S phase. The decrease of histone H1.3 phospho-
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rylation from 35.9% at S phase to 32.2% at M phase is
within experimental error. Global phosphorylation of histone
H1.4 increases by 62.1% and 64.2% for the MDA-MB-231
and MCF-10A cell lines in M phase relative to S phase. Our
results suggest that phosphorylation of histone H1.2 and
H1.4 occurs mainly during M phase for both cell lines
examined.

Fig. 7 depicts the drastic variation in phosphorylation at
individual sites through the cell cycle for the present cell lines.
p values from ANOVA and t-tests are listed in supplemental
Table S5. Phosphorylation of histone H1.3 was not included
because of low ion abundance of an unidentified phosphory-

lation site. Phosphorylation of histone H1.2 on S173 increases
by 58.4% and 111.8% for MDA-MB-231 and MCF-10A cells
at M phase compared with S phase. Phosphorylation of his-
tone H1.4 on S2 varies only slightly through the cell cycle in
both cell lines. In contrast, the phosphorylation of histone
H1.4 at S172, S187, and T18 increases by 26.3%, 2.5-fold
and 25-fold in MDA-MB-231 cells at M phase compared with
S phase; phosphorylation at these sites increases by 75.9%,
1.9-fold and 6.6-fold in MCF-10A cells. Phosphorylations at
T146 and T154 occur only at M phase, with relative abun-
dances of 11.5% and 2.5% in MDA-MB-231 cells, and 9.1%
and 1.5% for MCF-10A cells.
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DISCUSSION

Histone H1.2 SNP Variant A18V—In the present study, we
identified the H1.2 SNP variant A18V and its PTMs for the first
time by use of top-down MS/MS. This SNP, but not its PTMs,
has been previously identified by Lindner and coworkers by
use of HILIC chromatography in K562 erythroleukemic cells
(53). Ahomozygous GCC to GTC shift was found at codon 18,
confirming the A18V substitution at the genome level. That
SNP has been assigned SNP ID rs2230653. The N-terminal
region of histone H1.2 exhibits random coil composition in
solution (74). However, it acquires a substantial amount of
a-helical structure on binding to DNA (75). According to these
authors’ NMR results, the helical region of histone H1.0 en-
compasses residues K11 to D23. The N-terminal domains of
other histone H1 variants may function similarly. For example,
the N-terminal tail of histone H1 from breast cancer cells may
adopt its native conformation when it binds to chromatin.
Because valine has less stabilizing effects on a-helical struc-
ture, the replacement of alanine by valine may affect the
a-helical structure at the N-terminal region of histone H1.
Note that H1.2 SNP variant A18V exhibits a detectable level of
diphosphorylation whereas H1.2 does not. This SNP-specific
second phosphorylation is observed only in M phase whereas
the other H1.2/H1.2 SNP phosphorylation events are ob-
served throughout the cell cycle.

Phosphorylation Occurs at M Phase for both Cell Lines—
Previous studies have shown that histone H1 phosphorylation
is associated with chromatin relaxation in interphase and
condensation in M phase (22, 24, 29). In the present study, we
applied a top-down MS/MS workflow to study phosphoryla-
tion profiles of a metastatic breast cancer cell line (VDA-MB-
231) and a nonneoplastic breast epithelial cell line (MCF-10A).
We observe phosphorylation changes for H1.2 and H1.4
throughout the cell cycle. Phosphorylation of H1.2 occurs at
S2 and S173. S2ph appears to occur independent of the cell
cycle, whereas S173ph increases in M phase enriched cell
populations relative to the S phase cell population. In contrast
to H1.2, up to five concurrent phosphorylation events are
observed for H1.4. We are particularly interested in H1.4,
based on observations by the Jordan lab that shRNA-medi-
ated knockdown of H1.4 results in severe growth deficiencies
in MCF-10A cells and cell death in T47D breast cancer cells
(17). We surmise that phosphorylation of this variant may be
involved in the regulation of processes necessary for normal
cell proliferation. In the present study, H1.4 phosphorylation
during interphase occurs mainly at S172 and S187, with a
smaller fraction at T18. Upon block in M phase, phosphory-
lation levels at these residues increases, and T146ph and
T154ph become detectable. Based upon the identification of
the proteoforms corresponding to H1.4ph, H1.4ph2, H1.4ph3,
H1.4ph4, and H1.4ph5, these phosphorylations occur se-
quentially; i.e., S187ph was not detected unless S172ph was
also present; T18ph was not detected unless both S172ph

Total Phosphorylation Normalized to Variants
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Fic. 9. Normalized phosphorylation from cell lines MDA-MB-
231 and MCF-10A: (a) asynchronous cells; (b) S phase cells; (c) M
phase cells. Asterisk denotes p value less than 0.05.

and S187ph were present; and so on through T146ph and
T154ph. The sequential phosphorylation of histone H1 has
previously been reported in numerous systems (43, 76, 77),
including human cells by the Lindner lab (34). Interphase
phosphorylation of serine residues contained within the SP(A/
K)K motif is in line with a previous report (34). We can further
specify the motif observed here as SP(A/K)KAK. Additional
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motif analyses may reveal variant-specific sequences that
attract context-dependent phosphorylation events.
Comparison between Cell Lines MDA-MB-231 and MCF-
10A—Fig. 8 provides a comparison of the relative abun-
dances of proteoforms observed in the two cell lines exam-
ined, with p values from the t-tests available in supplemental
Table S6. Note that acetylated H1.4 is particularly enriched in
S phase in both cell lines. Figs. 9 and 10 show the extent of
phosphorylation of H1.2 and H1.4 in this study. p values are
listed in supplemental Tables S7-S8. The present data show
a clear increase in global phosphorylation of H1.2 and H1.4 as
cells progress through the cell cycle and reach maximum
phosphorylation during mitosis. The phosphorylation at T146
and T154 is detectable exclusively in M phase blocked cells

and supports other reports that phosphorylation at these sites
can mark mitotic cells. Our findings support the notion that H1
phosphorylation increases because the cells are proliferating
and that this phosphorylation increases irrespective of
whether or not the cells have been transformed into cancer
cells. This finding explains our previous observation of greater
T146ph stain intensity in highly proliferative tumor cells rela-
tive to the more slowly dividing cells in adjacent normal tissue.

Translational Impact—Commercial H1 antibodies are
cross-reactive with multiple histone H1 sequences. Limita-
tions in antibody availability and specificity restrict the study
of variant-specific PTM patterns. The present top-down
MS/MS analysis clearly shows differences in H1 phosphory-
lation between major variants H1.2 and H1.4 through the cell
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cycle. These data are intriguing in that most studies per-
formed on linker histones are limited to the H1.2 variant be-
cause of an available commercial antibody. The observed
sequential phosphorylation specific to H1.4 suggests the in-
volvement of multiple H1 kinases, as has been reported pre-
viously (86). Our localization of T146ph exclusively to H1.4 is
of interest because of a previously reported functional role
played by DNA-PK mediated phosphorylation of T146 on
H1.2 in regulating p53-dependent transcription (41, 42). Our
data suggest that cell cycle mediated T146 phosphorylation is
variant-specific. Kinase inhibitors blocking the phosphoryla-
tion of H1 residues may also prove to be useful therapeutics
(78). The specificity of such inhibitors is crucial. For example,
the promiscuous kinase inhibitor staurosporine blocks pro-
gression of cells from G2 to M phase because of inhibition of
H1- and H3-modifying kinases (79). This effect may be due in
part to substrate similarity of serine and threonine residues. In
addition to the structural effects H1 phosphorylation imparts
on the chromatin during M phase, there are likely other out-
comes of phosphorylation, such as recruitment of histone
readers with phospho-recognition domains. The present re-
sults pave the road for studies involving individual and com-
binatorial amino acid mutations to understand the importance
of individual phosphorylation events as they occur in breast
cancer. An assay capable of monitoring M phase-specific
phosphorylation events (i.e., T146 and T154 and, to a lesser
degree, T18) would provide a more accurate snapshot of H1
phosphorylation associated with cellular proliferation in vivo,
as opposed to global H1 phosphorylation or phosphorylation
of an individual mitotic residue. More important, the results of
this study may prioritize development of novel antibodies
recognizing H1 modifications and increase awareness of the
need to distinguish analogous modification sites on different
H1 variants, particularly for the often-ignored H1.4.
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