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Abstract

Global changes in the phosphorylation state of human H1 isoforms isolated from UL3 cells have
been investigated using mass spectrometry. Relative changes in H1 phosphorylation between
untreated cells and cells treated with dexamethasone or various CDK inhibitors were determined.
The specific cyclin-dependent kinase consensus sites of phosphorylation on the histone H1 isoforms
that show changes in phosphorylation were also investigated. Three sites of phosphorylation on
histone H1.4 isoforms have been identified.
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Introduction

Histones, assembled with DNA to form nucleosomes, are the major structural proteins
associated with chromatin.1=2 The histone proteins have been classified into two categories,
core histones (e.g., histone H2A, H2B, H3, and H4) and linker histones (e.g., histone H1 and
H5).2 The nucleosome core consists of a histone octamer consisting of an H3-H4 tetramer and
two H2A-H2B dimers around which DNA wraps. A variable length of DNA connects the
resulting nucleosome structures. The linker histones, H1 histones, associate honcovalently to
the linker DNA and the core histones.*>
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The H1 histones consist of a globular domain flanked by two less structured lysine-rich N- and
C-terminal domains. The globular domain binds noncovalently to one linker DNA strand to
stabilize the compaction of chromatin.3=> Histones are subjected to various signal transduction
and cell cycle dependent post-translational modifications that can alter the interactions of the
histones with DNA.5~10 These modifications include methylation, acetylation,
phosphorylation, ubiquitination, glycosylation, and ADP-ribosylation. These modifications
have been associated with a variety of biological processes such as gene expression, DNA
replication, and chromatin assembly.8-14

Glucocorticoids are important endocrine modulators of metabolism and immunity. Synthetic
glucocorticoids, such as dexamethasone (dex) and prednisone, are used clinically for long-term
treatments of many autoimmune diseases and are critical tools in transplantation medicine. For
a number of years, the Archer laboratory has been investigating the mechanisms of
glucocorticoid-mediated transcription activation.1>~18 |n these studies, the hormone inducible
mouse mammary tumor virus (MMTYV) promoter has been utilized. It was reported that when
mouse cells were exposed to prolonged treatment with dexamethasone, a significant decrease
in the level of histone H1 phosphorylation was observed. This decreased level of
phosphorylation could be correlated with the MMTYV promoter becoming refractory to further
glucocorticoid stimulation. For this work, Western analyses were performed with anti-histone
H1 and phospho-specific H1 antibodies. Unfortunately, these analyses cannot differentiate
between the specific isoforms (H1.0, H1.1, H1.2, H1.3, H1.4, and H1.5) of histone H1 proteins.

Therefore, we have applied ESI/MS to the analysis of mouse histone H1 isoforms.19:20
Utilizing this approach, we investigated the phosphorylation state of the specific H1 isoforms
before and after prolonged treatment with dexamethasone and after exposure of cells to specific
kinase inhibitors. Specifically, our previous experiments showed that the relative
phosphorylation levels of the histone H1.3, H1.4, and H1.5 isoforms decrease after prolonged
hormone exposure. For example, when the total additive phosphorylation for H1.3, H1.4, and
H1.5 in control cells is normalized to 1, the corresponding level of phosphorylation for these
isoforms in cells treated for 48 h with dexamethasone is 0.39, 0.2, and 0.2, respectively. The
other histone H1 isoforms (i.e., H1.0, H1.1, and H1.2) showed no significant change in the
level of phosphorylation.

In an effort to identify specific phosphorylation sites in H1 and delineate roles of cyclin-
dependent kinases (CDK) in these events, we undertook the identification of the specific CDK
consensus sites [(S/T)PX(R/K)] of phosphorylation on the mouse histone H1 isoforms that
showed changes in phosphorylation after prolonged treatment with dexamethasone (e.g., H1.3
and H1.4). For this work, we are using a combination of enzymatic proteolysis and peptide
sequencing by mass spectrometry. We have previously reported1® that the CDK2 inhibitor,
CVT313, blocked H1 phosphorylation in mouse 1471.1 cells and so are most interested in
determining those sites of phosphorylation. After these phosphorylation sites were determined,
we generated an antibody that is phospho-site specific for H1.3/H1.4 isoforms.

Concurrent with these studies, we were interested in investigating the global phosphorylation
status of human histone H1 isoforms to determine whether similar changes are observed for
the human H1 isoforms as for the mouse H1 isoforms upon dexamethasone treatment. In the
cell line used for this work (UL3 cells derived from the osteosarcoma cell line U20S21), we
found that only three isoforms of H1 were expressed, H1.0, H1.2, and H1.4. Using mass
spectrometry, we show that both the H1.2 and H1.4 isoforms in UL3 cells are phosphorylated,
and that phosphorylation is reduced in the presence of dexamethasone. We are also interested
in determining whether a similar decrease in phosphorylation of the H1 proteins upon treatment
with a CDK2 inhibitor will be observed for the human H1 proteins as was observed for the
mouse H1 proteins. To determine the effects of CDK inhibitors on global phosphorylation of
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the human H1 isoforms, intact H1 proteins following treatment with CDK inhibitors were
analyzed by electrospray ionization mass spectrometry. Because only three isoforms were
observed in the UL3 cells, this also allowed us the opportunity to identify specific sites of
phosphorylation within the human H1.4 isoform and compare those to the sites of
phosphorylation determined in the mouse H1.4 isoform.

Experimental Section

Chemicals and Antibodies

Cell Culture

Dexamethasone and DMSO were purchased from Sigma-Aldrich (St. Louis, MO). CVT313
(e.g., CDK2 inhibitor) and CGP74514 (CDK1 inhibitor) were purchased from Calbiochem/
EMD Biosciences and dissolved in DMSO (Sigma). Monoclonal antibody to H1 (clone AE4)
was purchased from Upstate USA, Inc. (Chicago, IL).

Mouse 1471.1 cells are derived from a C127 parental cell line and the UL3 cells are derived
from U20S cells.15:21 Cells were grown at 37 °C in Dulbecco's Modified Eagle's medium
(DMEM) with 10% fetal bovine serum (Hyclone), penicillin-streptomycin (Invitrogen), and
6% CO». Drug treatments were initiated when cells were growing exponentially. Cells were
plated in 10 x 100 mm tissue culture dishes in regular media at 60% confluence. The following
day, cells were treated with either 0.01% DMSO, 10 uM CVT313, 25 uM CVT313, or 2.5
1M CGP74514 for 24 h. The reported 1Csq for CVT313 is 0.5 uM for CDK2/cylin A2 and the
ICsq for CGP74514 for CDK1 is 25 nM.23 The doses used in these experiments are in the
effective concentration range reported for these drugs.16:22:24:25 |n addition, cells were
subjected to prolonged treatment (48 h) with 10 nM dexamethasone. Cells were harvested by
trypsinization, collected into PBS, and fixed in cold 70% ethanol overnight at 4 °C.

Polyclonal Antibody Production to H1.4pT18

A custom peptide antigen was made corresponding to mouse H1.3 amino acids 15-27
(VEKTPVKKKSKKT) containing a phosphate on the threonine at position 18 (Princeton
Biomolecules). Polyclonal antibodies were generated by injecting peptide into rabbits housed
at Covance Laboratories and collecting serum at intervals using standard methods. Serum was
tested by Western blot for detection of H1. Antiserum was purified using Nab Protein A Spin
purification Kit (Pierce). Protein concentration of resulting fractions was determined by
absorbance at 280 nm using a standard curve of purified rabbit IgG (Santa Cruz) and pooled.
Specificity was determined using dot blot of serial 5x dilutions of peptides corresponding to
H1.3 and H1.4 with and without a phosphorylated threonine at position 18, respectively, onto
nitrocellulose membrane and probed with antisera.

Histone H1 Extraction

Total H1 was extracted from whole cells by resuspending cell pellets into 5% perchloric acid
for2honice. Acid soluble proteins in the supernatant were precipitated by adjusting the volume
to 30% trichloroacetate and incubating at —20 °C overnight. Pellets were washed several times
with acetone and then resuspended in water. Protein concentration was determined via a UV-
spectrophotometer (Molecular Devices) with detection at 214 nm after 1:50 dilutions in 1 mM
Tris in a quartz cuvette using a standard curve of calf histone H1 (Upstate).

Western Blot Analysis

Isolated H1 proteins were separated by SDS-PAGE on 16% Tris-glycine gels and transferred
to a PVDF membrane for 3 h at 300 mA at 4 °C in a cold room. Membranes were blocked
using 5% fat-free powdered skim milk and 2% horse serum in Tris-buffered saline plus Tween
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(TTBS) overnight. After a brief wash in TTBS, membranes were incubated with protein-A
purified antibody at a concentration of 1-2 ug/mL for 1-3 h at room temperature and then
detected using horseradish peroxidase coupled goat anti-rabbit 1IgG (Amersham) and enhanced
chemiluminescence (ECL, Amersham).

HPLC Purification

HPLC purifications were performed as previously described,1%:20 except gradients were
performed using an Agilent (Palo Alto, CA) HP Series 1100 HPLC system consisting of an
autoinjector with a 400 xL sample loop, a Series 1100 binary pump, a Series 1100 diode array
detector, and a BioRad Model 2110 fraction collector (Hercules, CA). The H1 isoform
purifications were performed at a flow rate of 1 mL/min using a Vydac C4 column and a
gradient of 5% B for 10 min, 5-33% B for 10 min, then 33-45% B over 65 min. For purification
of the endoproteinase Arg-C digestions, a Vydac C18 reverse phase column was used with a
gradient of 1% B for 10 min, 1-40% B for 60 min, then 40-95% B over 10 min. Fractions were
collected at 10 s to 1 min intervals, dried, and stored at —80 °C until use. Just prior to MALDI/
MS analysis, fractions were reconstituted in 20 xL of water. Following MALDI/MS analysis,
the HPLC fractions were pooled by individual isoforms and stored at —80 °C.

Enzymatic Digestion Conditions

For digestion with Arg-C, selected HPLC fractions were pooled and diluted to a total volume
of 76 uL in 5 mM DTT/5 mM sodium phosphate buffer (pH 7.6). Sigma endoproteinase Arg-
C (1 ug/uL in HyO) was diluted 1:1000 in 5 mM DTT. A total of 80 pg of the enzyme solution
was added to the pooled HPLC fractions and the reactions were allowed to proceed at room
temperature for approximately 1.5-2.5 h. Reactions were monitored by MALDI/MS analysis,
and if necessary, additional enzyme (80 pg) was added to complete the digestions. For the
tryptic digestions, an aliquot of the pooled HPLC purified H1 isoform samples were further
diluted with 10-50 mM ammonium bicarbonate buffer (pH 8) and subjected to tryptic digestion
by adding 1-2 ug of porcine trypsin (Promega Corporation, Madison, WI) and incubating the
reaction overnight at 37 °C, then storing at —80 °C until analyzed.

Matrix-Assisted Laser Desorption lonization Mass Spectrometry

Positive ion matrix-assisted laser desorption ionization (MALDI) MS analyses were performed
using a Voyager Super De-STR (Applied Biosystems, Framingham, MA) delayed-extraction
time-of-flight mass spectrometer. The instrument is equipped with a nitrogen laser (337 nm)
to desorb and ionize the samples. A close external calibration, using two points to bracket the
mass range of interest, was used. A 0.5 uL aliquot of the reconstituted fraction was spotted
with 0.5 uL of MALDI matrix on a stainless steel sample target and allowed to dry at room
temperature. A saturated solution of a-cyano-4-hydroxycinnamic acid in 45:45:10 ethanol/
water/formic acid (v/v) was used as the MALDI matrix. Following MALDI/MS analysis, the
HPLC fractions were pooled by individual isoforms and stored at —80 °C.

Electrospray Mass Spectrometry

A Micromass Q-Tof Ultima Global (Waters/Micromass, Milford, MA) hybrid tandem mass
spectrometer was used for the acquisition of the electrospray ionization (ESI) mass spectra and
tandem mass spectra (MS/MS). This instrument was operated at a mass resolution (fwhm) of
8000 and a mass accuracy of better than 0.01%. All data were acquired following an external
calibration performed once daily. The Ultima Global is equipped with a nanoflow electrospray
source and consists of a quadrupole mass filter and an orthogonal acceleration time-of-flight
mass spectrometer. The needle voltage was ~3200 V and the collision energy was 10 eV for
the MS analyses.
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For the ESI/MS analyses, 2 uL of the pooled histone isoform fraction was added to 4 uL of
50:50 acetonitrile/water (0.1% formic acid). The resulting solutions were analyzed by flow
injection analysis at ~300 nL/min using a pressure injection vessel.26 Measurements were taken
from at least three separate ESI/MS analyses from each of two independent biological
experiments (n > 6).

For the LC/MS and LC/MS/MS analyses of the tryptic digests, an Agilent (Palo Alto, CA)
Cap1100 HPLC system consisting of binary pumps and a micro autosampler was used to
deliver the gradients. Injections of 1-8 uL were made and a linear water/acetonitrile (0.1%
formic acid) gradient of 5% acetonitrile for 10 min, 5-50% acetonitrile over 45 min, then 50—
95% acetonitrile over 10 min or other similar gradient was used for the chromatographic
separations. The column used was a 15 cm x 75 um i.d. Hypersil C18 (“pepmap”) column (LC
Packings, San Francisco, CA) at a flow rate of 500 nL/min. To verify the sites of
phosphorylation, the instrument was set to cycle through a series of spectra throughout the
entire LC gradient. The cycle typically consisted of the acquisition of one mass spectrum
followed by one to four MS/MS spectra of specific ions of interest. The ions of interest for the
MS/MS analyses were determined from a prior LC/MS analysis. The collision energy used for
the MS/MS experiments was 25 eV. Data analysis was accomplished with a MassLynx data
system, MaxEnt deconvolution software, and ProteinLynx software supplied by the
manufacturer.

Results and Discussion

Previously, the relative levels of phosphorylation on specific H1 isoforms in asynchronously
dividing mouse tumor cells following prolonged treatment with dexamethasone and after
exposure of cells to staurosporine, a potent kinase inhibitor, were investigated using mass
spectrometry.19:20 From these studies, it was determined that specific mouse histone H1
isoforms showed differential changes in phosphorylation based on treatment. These data
pointed specifically to the mouse H1.3, H1.4, and H1.5 isoforms as targets of CDK-specific
phosphorylation. This information suggests that the H1 isoforms may have differing functions.
Thus, identification of the sites of phosphorylation of the specific isoforms may be important
in defining their roles in such activities as transcription.

Identification of H1.4 Phosphorylation Sites in Mouse 1471.1 Cells

Initially, we have investigated the sites of phosphorylation on the mouse histone H1 isoforms
that showed changes in phosphorylation after prolonged treatment with dexamethasone (e.g.,
H1.3 and H1.4). Because these isoforms co-purify by HPLC and because of the high sequence
homology between these two isoforms (nearly 87% identical), endoproteinase Arg-C is the
only enzyme readily available that will yield unique peptides with CDK2 consensus
phosphorylation sites upon proteolysis. Figure 1A shows the amino acid sequences for mouse
H1.3 and H1.4 with the CDK2 consensus sequences outlined in boxes, and the arrows indicate
Arg-C cleavage sites. The Arg-C peptides which would yield unique sequences containing
CDK2 consensus phosphorylation sites are Arg-C fragments one and six from H1.4 and Arg-
C fragments one and four from H1.3. Unfortunately, the mass of some of these peptides are
too large (greater than 5000 Da) for good MS/MS sequencing using traditional mass
spectrometric instrumentation. Therefore, to determine the sites of phosphorylation unique to
these peptides, the H1.3/H1.4 HPLC fractions were pooled and subjected to Arg-C digestion
and the resulting peptides were separated by HPLC (data not shown). All of the HPLC fractions
were lyophilized, reconstituted in water, and analyzed by MALDI/MS to determine which
fractions contain the unique H1.3 or H1.4 peptides with the CDK2 consensus phosphorylation
sites. Figure 1B shows the linear-mode MALDI mass spectrum of one of the HPLC fractions.
The major ion observed has an average m/z of 9702 and corresponds in mass to Arg-C fragment
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6 of mouse histone H1.4 (average theoretical m/z = 9703). Also observed are ions
corresponding in mass to the addition of one and two phosphate groups (80 Da) to the Arg-C
fragment 6 peptide (ions of m/z 9783 and 9862, respectively). Under the chromatographic
conditions used, the phosphorylated H1.4 peptides were separated from the H1.3 peptides. All
of the phosphorylated H1.3 peptide fractions, however, also contained some phosphorylated
H1.4 peptides.

The HPLC fractions containing the unique H1.4 Arg-C fragments were further subjected to
tryptic digestion followed by LC/MS and LC/MS/MS analyses. The MS/MS spectra of three
tryptic phosphopeptides containing CDK2 consensus sites are shown in Figure 2. The MS/MS
spectrum of the ion of m/z 411.21 which corresponds in mass to monophosphorylated tryptic
peptide SPK of Arg-C fragment 6 of histone H1.4 is shown in Figure 2A. A nearly complete
series of both y and b ions and the loss of HPO3 (80 Da) from the a, and b, ions and the loss
of H3PO4 (98 Da) from the a, ion are observed. Abundant ions corresponding to the loss of
H3PQOy4, HPO3, and H3PO4 + H,0 from the molecular ion are observed. From these data,
phosphorylation is verified and the site of phosphorylation in this peptide can be assigned to
Ser-172 of histone H1.4.

The MS/MS spectrum of the ion of m/z 482.24 (Figure 2B) which corresponds in mass to
monophosphorylated tryptic peptide SPAK of Arg-C fragment 6 of histone H1.4 was acquired.
Again, both y and b ions as well as the loss of HPO3 and H3PO,4 from y and b ions are observed.
In addition, the loss of H3PO4, HPO3, and H3PO4 + H,0 from the molecular ion, verifying
phosphorylation is observed. These structurally informative fragment ions allow the
assignment of the site of phosphorylation in this peptide to Ser-187 of histone H1.4.

Figure 2C shows the MS/MS spectrum of the (M + H)* ion of m/z 524.27 which corresponds
in mass to monophophorylated tryptic peptide TPVK from Arg-C fragment 1 of histone H1.4.
The most abundant fragment ion observed in this spectrum corresponds to the loss of H3PO4
from the molecular ion. Other structurally informative ions observed include y1, yo, and y3 as
well as the loss of H3PO,4 from the b, and b3 ions. These data allow the assignment of the
phosphorylation site in this peptide to Thr-18 of histone H1.4.

Characterization of Histone H1 Isoform Phosphorylation in Human UL3 Cells

Concurrent with LC/MS/MS analyses of the mouse H1 isoforms, we also investigated the post-
translational modification status of human H1 isoforms in osteosarcoma UL 3 cells. H1 proteins
were acid-extracted, purified by reverse phase HPLC, and screened by MALDI/MS analyses.
From the mass of the ions observed from these data, it was determined that two
chromatographic peaks contained H1 isoforms; the first peak contained the H1.0 isoform,
whereas the H1.2 and H1.4 isoforms co-eluted in the second HPLC peak (data not shown).
Interestingly, we did not find ions corresponding in mass to the H1.1, H1.3, or H1.5 isoforms
in the UL3 cells in any of the fractions analyzed. This is not unexpected, as it had been
previously reported that in cells in culture and in mammalian tissue, the H1.2 and H1.4 isoforms
are more broadly expressed in all cell types, whereas expression of other H1 isoforms are often
down-regulated in differentiated cells.27:28

To determine the phosphorylation status of these human H1 isoforms, the two HPLC fractions
were analyzed by electrospray mass spectrometry and the data are summarized in Table 1. The
ESI/MS analyses of the first HPL.C peak show ions which correspond in mass to the unmodified
H1.0 isoform. The deconvoluted ESI mass spectrum of the second HPLC peak (Figure 3A)
shows ions which correspond in mass to acetylated H1.2 as well as the mono- and
diphosphorylated forms of acetylated H1.2. In addition, ions corresponding in mass to the
acetylated H1.4 isoform were observed as well as the mono-, di-, and triphosphorylated forms
of this protein.
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CDK Inhibitor Studies of Human H1 Isoform Phosphorylation

Using Western blot analyses, we have previously reported’6 that the CDK2 inhibitor, CVT313,
blocked H1 phosphorylation in mouse 1471.1 cells and are interested in determining whether
the same phenomenon is observed for human H1 isoforms. Additionally, the recent
development of a CDK1 inhibitor, CGP74514, allows one to determine the role of CDK1 in
H1 phosphorylation. To determine the effects of CDK inhibitors on global phosphorylation of
the human H1 isoforms, we used electrospray ionization mass spectrometry to analyze the
intact H1 proteins following treatment of the cells with these CDK inhibitors. For these
treatments, cells were treated for 24 h with either 0.01% DMSO (as a control), 10 uM CVT313,
25 uM CVT313, or 2.5 uM CGP74514. Additionally, cells were treated for 48 h with 10 nM
dexamethasone. Following treatment, the cells were harvested and the H1 proteins were
isolated, purified by HPLC, and analyzed by ESI/MS. From the resulting ESI mass spectra,
the relative phosphorylation of the human H1 isoforms following 24 h treatments with each
inhibitor was determined. Comparison of these data show that, when cells are pretreated with
dexamethasone, the CDK2 inhibitor CVT313, or the CDK1 inhibitor CGP74514, the global
levels of phosphorylation of both the H1.2 and H1.4 isoform were significantly decreased by
all treatments (Figure 3B-E).

To determine the relative quantitative levels of the individual phosphorylated isoforms present,
the ESI/MS analyses were repeated in triplicate from two independent biological experiments.
Although the MS analysis of proteins, in general, is not very quantitative, relative changes in
phosphorylation on a specific protein can be determined. Generally speaking, the addition of
negatively charged modifications on a protein (i.e., phosphorylation) would reduce its
ionization potential in the mass spectrometer. In the case of the histone H1 proteins, however,
these proteins have large overall positive charges (e.g., over 50 positively charged amino acid
residues per isoform). The addition, therefore, of one or two negatively charged phosphate
groups per molecule is not expected to significantly affect the ionization potential of the protein,
and this is not expected to significantly affect the relative sensitivity of the differentially
phosphorylated protein ions.

The relative quantitation of each isoform of the individual human H1.2 and H1.4 proteins was
computed by first determining the relative height abundance of the ions corresponding in mass
to each specific isoform. These heights were then normalized to the total amount of the H1
isoform observed, thereby, reflecting the relative percentage of each species (Figure 4A and
B; Supplementary Tables 1 and 2). For example, the relative amounts of each of the H1.4
isoforms present in control cells was determined to be 39%, 34%, 18%, and 8% for acetylated
H1.4, acetylated monophosphorylated H1.4, acetylated diphosphorylated H1.4, and acetylated
triphosphorylated H1.4, respectively. For the H1.2 isoform in control cells, the relative amounts
of each species observed is 58% acetylated, 34% acetylated monophosphorylated, and 8%
acetylated diphosphorylated.

Similarly, the relative quantitation of each species was determined after treatment of the cells
with the various drugs (Figure 3 and Figure 4; Supplementary Tables). For the H1.4 isoform,
only the nonphosphorylated isoform and a relative small amount (15% or less) of the
monophosphorylated isoform were observed from cells treated with dexamethasone and
CVT313, whereas both the monophosphorylated (19%) and the diphosphorylated (4%) forms
were observed after the CGP745145 treatment. For the H1.2 isoform, for all drug treatments
studied, only relative small amounts (20% or less) of the monophosphorylated species were
observed in addition to the acetylated form. Overall, these data suggest that CDK kinase activity
is responsible for nearly all of the phosphorylation of the human histone H1 isoforms in these
cells. Collectively, the overall level of phosphorylation can be determined for the H1.2 and
H1.4 proteins based on treatment (Figure 4C; Supplementary Table 3). For the H1.4 protein
in the control cells, 60% of the H1.4 total protein detected was observed in a phosphorylated
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form. The total phosphorylation level in H1.4 decreased to 11%, 15%, 4%, and 23% after
treatment with dexamethasone, 10 uM CVT, 25 uM CVT, and 2.5 uM CGP74514, respectively.
Similar results were observed for the H1.2 isoform; 42% of the total protein was observed in
a phosphorylated form in control cells. Following the same treatments as with H1.4, these total
phosphorylation levels dropped to 15%, 16%, 8%, and 20%.

These data clearly demonstrate that the in vivo levels of phosphorylation of both the H1.2 and
H1.4 isoforms are greatly reduced upon treatment for 48 h with dexamethasone. To determine
whether these changes could be correlated with CDK activity, the levels of phosphorylation
of H1.2 and H1.4 from control and dexamethasone-treated cells were compared to cells treated
with either a CDK1 or a CDK?2 inhibitor. Following treatment with 10 xM CVT313 or 2.5
1M CGP74514, the level of phosphorylation of H1.2 and H1.4 was reduced to a comparable
level observed following dexamethasone treatment. Treatment with 25 M CVT313 decreased
the level of phosphorylation to an even greater extent, although a small amount of
phosphorylation was still observed following all treatment conditions. These results suggest
that the phosphorylation events of histone H1 proteins are complex and are a dynamic process
which occurs throughout the cell cycle, with possibly a variety of factors influencing these
modifications.

Identification of H1.4 Phosphorylation Sites in Human UL3 Cells

For the mouse H1.4 isoforms in 1471.1 cells, three CDK consensus sites of phosphorylation
were identified; therefore, we were interested in determining the CDK-dependent sites of
phosphorylation in the human H1.4 isoform. In the UL3 cells, both H1.2 and H1.4 were
observed as phosphorylated. Figure 5 shows the amino acid sequences for human H1.2 and
H1.4 with the CDK consensus sequences outlined in boxes. The consensus target residues
correspond to threonine-18, -146, -154, and serine-174 and -187. To identify sites of
phosphorylation in the human H1.4 protein, the HPLC purification of the intact histone H1
proteins from control cells was repeated, collecting 10 s fractions. By doing so, we could collect
a fraction that contained mostly the H1.4 isoform with little or no H1.2 isoform. From this
fraction, we performed LC/MS analyses of the tryptic digest of the H1.4 fraction. From a
theoretical digest of the H1.4 isoform, those masses which contained the consensus CDK sites
were searched in the LC/MS analyses. The potential consensus CDK-containing tryptic
peptides and the theoretical nonphosphorylated protonated masses and theoretical
phosphorylated protonated masses are as follows: TPVK (threonine-18; 444.2822, 524.2485),
ATGAATPK (threonine-146; 716.3943, 796.3606), TPK (threonine-154; 345.2138,
425.1801), SPK (serine-174; 331.1981, 411.1645), and SPAK (serine-187; 402.2353,
482.2016). Of these, ions were observed which correspond in mass to all of the
nonphosphorylated form of the peptides, whereas only masses corresponding to
phosphorylated TPVK (m/z obs = 524.28), SPK (m/z obs=411.19), and SPAK (m/z obs =
482.19) were observed. No ions were observed which would correspond in mass to
phosphorylated ATGAATPK or TPK. Additional LC/MS analyses were performed where the
instrument was set to acquire MS/MS spectra of specific masses throughout the entire LC/MS
run. Figure 6 shows the MS/MS spectra of three tryptic peptides that were found to be
phosphorylated in H1.4. In Figure 6A and B, fragment ions are observed which correspond to
the loss of HPO3, H3POy4, and H3PO4 + H,O from the protonated molecule. The observation
of these fragment ions indicates the presence of a phosphate group within these peptides. In
addition, a series of b and y ions and the loss of phosphate (either as the loss of 80 Da or the
loss of 98 Da) from the b ions are observed. These structurally informative fragment ions allow
the assignment of the site of phosphorylation to Ser-172 and Ser-187 in these two peptides,
respectively. Figure 6C shows the MS/MS spectrum of the (M + H)* ion of m/z 524.28 which
corresponds in mass to monophosphorylated tryptic peptide 2 (T2), TPVK (aa 18-21).
Although the S/N ratio in this spectrum is low, structurally diagnostic ions, especially y3 and

J Proteome Res. Author manuscript; available in PMC 2009 October 13.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Deterding et al.

Page 9

b3-98, are observed. In addition, several of these same structural ions are observed in the MS/
MS spectrum of mouse monophosphorylated T2:18-21 (Figure 3C). These data allow
confirmation of a phosphate group on the threonine residue within this tryptic peptide. From
these data, we can confirm that T18, S172, and S187 are phosphorylated in the histone H1.4
isoform of UL3 cells.

Tryptic digests of both the mouse and human isolated H1.4 isoforms resulted in the
identification of phosphorylated peptides corresponding to three CDK consensus sites in both
the N- and C-terminal tails of H1.4. These sites of phosphorylation were determined to be
located at Ser-174, Ser-187, and Thr-18. Sites of post-translational modifications of H1 have
been previously addressed using similar MS/MS techniques on the H1 isoforms.2%—31 With
this approach, Hunt et al.2? identified seven serine or threonine residues (including Ser-174,
Ser-187, and Thr-18) that were phosphorylated in human H1.4 in asynchronous HeLa cells.
Four of the identified H1.4 phosphorylation sites contain a putative cyclin-dependent kinase
motif; however, three of the sites were identified from non-CDK consensus motifs. Conversely,
Mann et al.3! identified two (possibly three) sites of phosphorylation in human H1.4 in both
human MCF7 and HeLa cells. In addition to the two cell lines, Mann et al.3! also analyzed and
compared the post-translational modifications of histone H1 in nine mouse tissues. From this
work, these authors showed that differences in the post-translational modifications of histone
H1 proteins could be determined between different tissues and different cell types. Several of
the serine and threonine phosphorylation sites identified by these groups?®:31 were found within
peptides which did not contain CDK-consensus sites. This, therefore, implies that other kinases
can influence H1 phosphorylation. Indeed, previous research has implicated that H1
phosphorylation is influenced by MAP kinases as well.32:33 Although this study has focused
on the phosphorylation of CDK consensus sites because of the correlation between CDK2
inhibition and loss of MMTYV activation found in our previous work,>:16 the results from the
H1.4 analyses from the cell lines reported by Mann et al.3! are similar to the number of sites
of phosphorylation found in this work, that is, three sites. Therefore, we hypothesize that
different phosphorylation sites are utilized differentially between cells and are unique to
particular isoforms with functional consequences.

Quantitative Changes in Specific Sites of Phosphorylation in H1.4

LC/MS data from one each of the tryptic digests of mouse H1.4 isoforms from 1471.1 control
cells versus cells treated for 48 h with dexamethasone were compared to see if changes in the
relative abundance of the phosphorylated peptides could be determined. Because the absolute
amount of protein in each experiment is not known, only relative changes in the abundances
can be stated. First, the ratio of ion counts of the extracted ion chromatograms of five different
peptides, which do not contain a CDK2 consensus site, from the tryptic digest of Arg-C
fragment 6 of H1.4 were compared. The change in the counts between the control cells versus
cells treated for 48 h with dexamethasone for each of these peptides was relatively the same
(average ratio of counts of dexamethasone-treated cells/control cells = 0.9). Figure 7A shows
the extracted ion chromatograms of the protonated ion of m/z 784.5 (amino acids
KPAAAAGAK) from both the control cells and the 48 h dexamethasone-treated cells. The ion
counts for each of these masses is 329 and 308 for the control cells and the dexamethose-treated
cells, respectively. Conversely, for the tryptic peptides containing phosphorylated Ser-172
(pSPK) and phosphorylated Ser-187 (pSPAK) of Arg-C fragment 6 of H1.4, an overall decrease
in the counts of the extracted ion chromatograms of these ions was observed in the 48 h
dexamethasone-treated cells versus the control cells (average ratio of counts of dexamethasone-
treated cells/control cells = 0.5). The extracted ion chromatograms of the protonated ion of
m/z 411.2 (pSPK) from the control cells (ion count of 124) versus dexamethasone-treated cells
(ion count of 71) are shown in Figure 7B. Additionally, the ion counts from the extracted ion
chromatograms of ions corresponding in mass to the nonphosphorylated tryptic peptides SPK
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and SPAK containing the CDK consensus sites showed an overall increase in the 48 h
dexamethasone-treated cells treatment versus control cells (average ratio of counts of
dexamethasone-treated cells/control cells/dexamethasone-treated cells = 1.1), albeit a slight
increase (data not shown). Because of the small size of some of these tryptic peptides (3 or 4
amino acids in length), the peptides were not well-retained under the chromatographic
conditions used. Therefore, quantitation of these ions is difficult. Nonetheless, these
observations in the relative quantitation of these data are consistent with the observed changes
in the relative phosphorylation levels of the full-length proteins reported previously.1?

Phosphorylation Site-Specific Antibodies

To explore the dynamics of each H1 phosphorylation event in more detail, we generated
phosphorylation site-specific antibodies to the serine and threonine residues found by MS to
be phosphorylated in vivo. Up to now, the most widely used technique for assessing changes
in the levels of histone modifications has been the use of Western blots with antibodies that
specifically recognize the modification of interest. A significant advantage of this approach is
that these antibodies can be highly sensitive. Potential disadvantages of this type of analysis
are the lack of specificity of the antibody, the ability to only monitor a single modification at
a time, and the modification of a residue near the site of interest may affect the specificity of
the antibodies. Nonetheless, we generated polyclonal antisera to specific phosphorylation sites
identified by MS/MS to accurately quantitate the changes in the levels of phosphorylation at
specific residues.

Peptides corresponding to phosphorylated CDK consensus sites within both mouse H1.3 or
H1.4 isoforms were used to immunize rabbits. One resulting antiserum (designated H1.4pT18
and/or 1754 antibody) recognized phosphorylated peptides corresponding to mouse H1.3 and
H1.4 isoforms with phosphorylation on Thr-18, but did not recognize nonphosphorylated
peptides of the same primary sequences (data not shown). The antibody was also tested by
Western blot for recognition of four mutations of the mouse H1.3 isoforms (T18E, T18A,
T18Q, and T18D) that were transiently expressed in UL3 cells. Each of these mutations
abrogated recognition by the H1.4pT18 antibody (Figure 8A). This antiserum was then used
to probe immunoblots of acid extracted H1 proteins from UL3 cells following various time
hormone treatments. As shown in Figure 8B, the anti-H1.4pT18 antibody strongly recognizes
aband corresponding to the H1.4 isoform in asynchronous UL3 cells not treated with hormone.
Following 24 and 48 h of hormone treatment, band intensity diminished significantly to nearly
undetectable levels by 48 h. After the 48 h treatment, hormone was washed away and cells
were allowed to recover for 24 h, at which time band intensity returned to basal levels.

To determine if threonine-18 in human H1.4 is a target for either CDK1 or CDK2 in vivo, UL3
cells were treated with either CVT313 or CGP74514 at two concentrations each for 24 h, after
which, Western blot analyses with the H1.4pT18 antibody were performed. Treatment of UL3
cells with dexamethasone or CVT313 showed a dose-dependent decrease in H1.4pT18
phosphorylation after 24 h relative to the phosphorylation observed in untreated cells.
Treatment with the inhibitor CGP74514 also showed a decrease in H1.4pT18 phosphorylation
levels relative to that observed in untreated cells, but what appears to be a lesser extent than
with CVT313 treatment (Figure 8C). To quantitate the amount of total H1.4 that is
phosphorylated, densitometry was used to compare each band detected by the polyclonal
H1.4pT18 antibody to the corresponding H1.4 band on the coomassie-stained gel. The average
relative quantitation of two independent experiments of phosphorylated H1.4 to total H1.4
(pH1.4/H1.4) was determined and is shown in Figure 8C. On the basis of densitometry,
treatment of the cells with dexamethasone reduced levels of H1.4pT18 by 51% compared to
untreated cells. The CDK2 inhibitor CVT313 reduced H1.4pT18 by 40% and 96% at 10 and
25 uM doses, respectively. The CDK1 inhibitor CGP74514 did not significantly reduce
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H1.4pT18 at 1 uM (11%), but reduced levels by 58% at the 2.5 xM concentration. For
comparison, the ratio of phosphorylated isoforms relative to the total H1 isoform (normalized
to untreated cells) was calculated from the MS analyses (Supplementary Table 4). Although
these numbers arise from different biological samples on different days, similar results were
obtained from the MS analyses and the densitometry analyses, that is, a decrease in the ratio
of phosphorylated H1.4 to total H1.4 was observed following treatment with the cdk inhibitors.

The H1.4pT18 polyclonal antibody was shown to be specific for phosphorylated Thr-18 of
H1.4, and because UL3 cells only express the H1.4 isoform, these antisera allowed us to track
phosphorylation of H1.4 in vivo in control cells and cells treated with hormone and/or CDK
inhibitors. This antibody strongly recognizes a band corresponding to the H1.4 isoform in
control cells, and this band is greatly reduced following treatment of UL3 cells with
dexamethasone for 24 or 48 h. The intensity of the band returns to control levels if, after the
48 h treatment, the cells are washed of the hormone and allowed to recover for 24 h.

Similarly, the antibody was useful for determining if this specific site of phosphorylation
(threonine-18) in human H1.4 is a target for either CDK1 or CDK2 in vivo. Western blot
analyses with the H1.4pT18 antibody on cells treated with either CVT313 or CGP74514 at
two concentrations each for 24 h showed a dose-dependent decrease in H1pT18
phosphorylation after 24 h. Treatment with the inhibitor CGP74514 also showed a decrease in
H1pT18 levels, but to a lesser extent than was seen with CVT313 treatment. Densitometry
comparing each band detected in the Western analyses was used to quantitate the amount of
total H1.4 that is phosphorylated. From this, an average relative quantitation was determined
and compared to the relative quantitation levels obtained using mass spectrometry. A decrease
in the relative quantitation levels of phosphorylation following CDK inhibitor treatments were
detected by both the MS analyses and the Westerns with the H1.4pT18 antibody, thereby
suggesting that the remaining phosphorylation seen by MS is perhaps, at least in part, due to
residual T18 phosphorylation. The ability to accurately quantitate changes in the levels of
specific phosphorylation sites in response to different hormone or CDK treatments is essential
to fully understand the functional role of histones and/or their modifications. Although mass
spectrometry is a useful tool for the quantitation of post-translational modifications of peptides,
the presence of the modification can affect the ionization potential of the peptide. Recently,
the use of stable isotope labeling in conjunction with mass spectrometric analyses was reported
for the quantitation of changes in specific histone modifications.3* Perhaps this approach may
prove to be the most useful technique for the quantitation of localized changes in histone post-
translational modifications.

Conclusions

Several studies have alluded to the important influence of linker histone phosphorylation in
chromatin regulation. Phosphorylation of CDK consensus S/T residues in mammalian H1s
have been shown to alter mobility of H1 in chromatin, suggesting phosphorylation assists in
release of H1 from chromatin.35=37 Phosphorylation of the Tetrahymena H1 on S/T residues
has been shown to influence transcriptional activity by creating an electrostatic charge patch
that repels contact with DNA.38:39 Pyrified H1 from the human HeLa cells and H5 from chicken
erythrocytes have been shown to inhibit ATP-dependent chromatin remodeling activities in
vitro.37:38 |n the case of H5, inhibition of remodeling was abrogated by saturating
phosphorylation of H5 using the cdc2 kinase.#! Furthermore, using Xenopus extract model
systems, only nonphosphorylated recombinant mammalian H1 represses chromatin
remodeling during DNA replication and repair.42:43 These experiments highlight the
importance of phosphorylation of H1 in inhibiting the repressive function of H1 in chromatin
remodeling and DNA metabolism across species. Further functional studies on these sites of
phosphorylation should increase our understanding of their impact on chromatin structure and
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the role these specific isoforms play in MMTV activation. Moreover, the continued
developments in the area of mass spectrometry should provide new insights into not only the
function of proteins, but also the basic regulatory mechanisms that control cellular functions.

In summary, we have characterized global changes in the phosphorylation state of human H1
isoforms isolated from UL3 cells using mass spectrometry. In untreated cells, the H1.2 isoform
is observed as both mono- and diphosphorylated, whereas the H1.4 isoform is observed as
mono-, di-, and triphosphorylated. Following treatment of the cells with dexamethasone or the
CDK2 inhibitor, CVT313, low levels of only the monophosphorylated forms of these proteins
were observed. Treatment of the cells with the CDK1 inhibitor, CGP74514, led to a decrease
in the levels of phosphorylation of both H1.2 and H1.4, albeit to a lesser extent.

Using a combination of proteolysis enzymes, peptide mapping, and MS sequencing
methodologies, three sites of phosphorylation on both the mouse and human histone H1.4
isoforms have been identified. The three sites identified, Ser-187, Ser-172, and Thr-18, are all
CDK2 consensus sites. Because CDK?2 is often overactive in tumor cells, it is possible that
resulting changes in phosphorylation of H1 could alter the way tumors respond to hormones.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

(A) Sequence alignment for mouse histone H1.3 and H1.4 isoforms. CDK consensus sites ((S/
T)PX(R/K)) are outlined with a box. These histones are nearly 87% identical (shaded in gray).
The arrows indicate endoproteinase Arg-C cleavage sites. (B) MALDI mass spectrum of an
HPLC fraction which contains a unique mouse H1.4 peptide with a CDK2 consensus site. The
MALDI mass spectrum shows ions which correspond in mass to Arg-C peptide fragment 6 of
H1.4. In addition, ions are observed which correspond in mass to the addition of one and two
phosphate groups to this peptide fragment.
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Tandem mass spectra of phosphorylated tryptic peptides derived from Arg-C fragment six of
mouse histone H1.4. (A) MS/MS data of the ion of m/z 411.21 corresponding in mass to
monophosphorylated SPK; (B) MS/MS data of the ion of m/z 482.24 corresponding in mass
to monophosphorylated SPAK; and (C) MS/MS data of the ion of m/z 524.27 corresponding
in mass to monophosphorylated TPVK.
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Figure 3.

Deconvoluted electrospray mass spectra of intact H1 proteins detected in UL3 cells following
treatments with dexamethasone and two CDK inhibitors. Mass spectra from (A) control cells
and cells following treatment with (B) dexamethasone for 48 h, (C) 10 uM CVT313, (D) 25
4M CVT, and (E) 2.5 uM CGP74514. The ions labeled with an asterisk (*) correspond in mass
to the addition of a noncovalent phosphate (+98 Da).
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Figure 4.

Relative quantitation of phosphorylation in each human H1 isoform following treatment with
dexamethasone or CDK inhibitor. (A) Relative amounts of each isoform detected for human
H1.4 protein; (B) relative amounts of each individual isoform detected for human H1.2 protein;
(C) total overall level of phosphorylation in human H1.2 and H1.4 protein based on treatment.
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Figure 5.

Sequence alignment for human H1.2 and H1.4 histones. CDK consensus sites ((S/T)PX(R/K))
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MSETAPAAPAAAPPAEKAPVKKKAAKKAGGTPRKASGPPVSELI TKAVAA
MSETAPAAPAAPAPAEKTPVHKKARKSAGAAKRKASGPPVSELI TKAVAA

SKERSGVSLAALKKALAAAGYDVEKNNSRIKLGLKSLVSKGTLVQTKGTG
SKERSGVSLAALKKALAAAGYDVEKNNSRIKLGLKSLVSKGTLVQTKGTG

ASGSFKLNKKAASGEAKPKVKKAGGTKPKKPVGAAKKPKKAAGG‘EEEﬁn
ASGSFKLNKKAASGEAKPKAKKAGAAKAKKPAGAAKKPKKATGAA 4

AK m; AKKPAAATVTKKVA m AKVAKPKKAAKS - —AAKAVKPKAA
AKHTPKHAKKPAAAAGAKK-AHSPKKAKAAKPKKAPKS PAKRKAVKPKAA

KPKVVK----- PKKAAPKKK
KPKTAKPKAAKPKKAAAKKK

are outlined with a box. These histones are more than 86% identical (shaded in gray).
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Figure 6.

Tandem mass spectra of phosphorylated tryptic peptides derived from human histone H1.4.
(A) MS/MS data of the ion of m/z 411.19 corresponding in mass to monophosphorylated SPK;
(B) MS/MS data of the ion of m/z 482.19 corresponding in mass to monophosphorylated SPAK;
and (C) MS/MS data of the ion of m/z 524.28 corresponding in mass to monophosphorylated
TPVK.
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Extracted ion chromatograms of ions from the LC/MS/MS analyses of control cells and cells
treated for 48 h with dexamethasone. (A) EIC of the protonated ion of m/z 784.5 (amino acids
KPAAAAGAK); and (B) EIC of the protonated ion of m/z 411.2 (phosphorylated SPK). Within
each panel, the extracted ion chromatograms were normalized to the ion counts from the control

cells.
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Figure 8.

Anti-H1.4pT18 antibody used to detect hormone-associated changes in H1 phosphorylation in
UL3 cells. Two micrograms of acid-extracted proteins was separated by SDS-PAGE and
analyzed by Western blot using the anti-H1.4pT18 (1754) antibody. Coomassie stained gel is
shown as a loading control. (A) Specificity of anti-H1.4pT18 antibody for mouse H1.4 and not
for mouse H1.3 or four different mouse H1.3 mutants (T18E, T18A, T18Q, and T18D). V
refers to the empty vector control. (B) UL3 cells were treated with dexamethasone as indicated.
(C) Phosphorylation of H1.4T18 is reduced by inhibitors for either CDK1 or CDK2 in UL3
cells. Cells were treated with dexamethasone, CVT313, or CGP74514 at indicated
concentrations for 24 h. The ratios of phosphorylated H1.4 to total H1.4 based on densitometry
are shown as pH1.4/H1.4.

J Proteome Res. Author manuscript; available in PMC 2009 October 13.



1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

1duosnue Joyiny vd-HIN

Deterding et al.

Page 23

Table 1

Observed Average Masses from the Deconvoluted ESI Mass Spectra for the Human Histone H1 Isoforms Isolated from
UL3 Cells

isoform modification® cale. M, P observed M,°

H1.0 None 20733 20732

H1.2 1A 21277 21276

H1.2 1A, 1P 21357 21356

H1.2 1A, 2P 21437 21436

H1.4 1A 21777 21777

H1.4 1A, 1P 21857 21857

H1.4 1A, 2P 21937 21937

H1.4 1A, 3P 22017 22017

@A = acetyl (42 Da), P = phosphate (80 Da).

b . . . .
Calculated average protonated mass including loss of the N-terminal methionine.

c
Observed average protonated mass.
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