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Abstract
Histone H1 is commonly used to assay kinase activity in vitro. As many promising targeted
therapies affect kinase activity of specific enzymes involved in cancer transformation, H1
phosphorylation can serve as potential pharmacodynamic marker for drug activity within the cell.
In this report we utilized a phosphoproteomic workflow to characterize histone H1
phosphorylation changes associated with two targeted therapies in the Kasumi-1 Acute Myeloid
Leukemia (AML) cell line. The phosphoproteomic workflow was first validated with standard
casein phosphoproteins and then applied to the direct analysis of histone H1 from Kasumi-1
nuclear lysates. Ten H1 phosphorylation sites were identified on the H1 variants, H1.2, H1.3,
H1.4, H1.5 and H1.x. Liquid chromatography mass spectrometry profiling of intact H1s
demonstrated global dephosphorylation of H1.5 associated with therapy by the cyclin dependent
kinase inhibitor, flavopiridol, and the Hsp90 inhibitor, 17AAG (17-(Allylamino)-17-
demethoxygeldanamycin). In contrast, independent treatments with a nucleotide analog,
proteosome inhibitor and histone deacetylase inhibitor did not exhibit decreased H1.5
phosphorylation. The data presented herein demonstrate that potential of histones to assess the
cellular response of reagents that have direct and indirect effects on kinase activity that alters
histone phosphorylation. As such, this approach may be a highly informative marker for response
to targeted therapies influencing histone phosphorylation.
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INTRODUCTION
Higher-order chromatin structure is assembled and stabilized by linker histone H1 variants
that bind to linker DNA [1,2]. Human histone H1 has multiple sequence variants that
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include: H1.0, H1.1, H1.2, H1.3, H1.4, H1.5, H1.t and H1.x. The variants H1.2, H1.3, H1.4
and H1.5 exist in all human cells whereas H1.x and H1.t are tissue specific and H1.1 is
found in thymus, testis, spleen, lymphocytic and neuronal cells [3]. The phosphorylation of
linker histone H1 has been associated with the regulation of oncogene expression, DNA
damage repair and chromatin decondensation [4–6]. For example, aberrant chromosomal
condensation was induced by dephosphorylation of H1 in FM3A cells [7,8]. However,
chromosomal decondensation was linked to reduced phosphorylation of H1 after exposure
of BHK cells to the topoisomerase II inhibitor VM26 or the protein kinase inhibitor
staurosporine [9,10]. Recently, the translocation of histone H1 to the cytoplasm has been
implicated in signaling apoptosis [11–15]. Given the critical role of H1 isoforms in
chromatin stability and their potential as chemotherapy targets, a greater understanding of
the H1 phosphoisoform diversity and their response to therapeutic agents is warranted.

Antibodies directed against specific H1 phosphorylation sites are limited or have broad
specificity. Mass spectrometry has no such limitation and can be used to determine global
phosphorylation changes as well as site-specific changes [3,16–20]. However, the
application of MS to phosphoproteomic analysis still presents many challenges [21]. First,
the low abundance of phosphorylation in vivo limits the direct application of mass
spectrometry based technique due to limitations in practical dynamic range. Second, poor
ionization efficiency for phosphopeptides and interferences from non-phosphopeptides can
result in signal suppression in positive ion mode. Phosphoprotein and phosphopeptide
enrichment have been used to overcome the limitation of mass spectrometry’s dynamic
range by eliminating the chemical interferences due to non-phosphorylated peptides.
Selective enrichment of phosphopeptides can be accomplished from any of the following
techniques: immunoaffinity chromatography [22], immobilized metal affinity
chromatography (IMAC) [23–25], metal oxide chemisorbtion [26–28] and strong cation
exchange (SCX) chromatography [29]. Additionally, chemical derivatization of
phosphorylated residues through β-elimination [30–33] or phosphatase treatment [25,34–36]
has been successfully used to enhance the ionization of phosphopetides prior to positive ion
MS analysis [37–40].

Finally, phosphoserine and phosphothreonine-peptides are prone to loss of the phosphoric
acid upon low-energy collision-induced dissociation during tandem mass spectrometric
experiments [29]. The neutral loss of 98 Da for phosphoserine and phosphotheronine and 80
Da for phosphotyrosine in positive ion MS/MS can serve as a characteristic signature for
phosphopeptides. Data-dependent neutral loss (DDNL) MS3 experiments are commonly
used to overcome low abundant backbone cleavage resulting from the easy neutral loss [41].
The resulting interleaved set of MS2 and MS3 data from DDNL experiments present a
unique challenge to automated database search programs. Alignment of the MS2 and MS3

data into a single data set has been demonstrated to improve the overall confidence of the
peptide matches returned from database search programs [42–44]. An alternative approach
is to exploit the hierarchical nature of the MS3 experimental data when performing the final
peptide identification as previously demonstrated with metabolite identification [6] and
phosphopeptide data [45].

Histone H1 is commonly used to assay kinase activity in vitro. As many promising
chemotherapy reagents affect kinase activity, H1 phosphorylation can serve as potential
marker for drug activity within the cell. The use of mass spectrometry to assay H1
phosphorylation allows for a new approach to preclinical assessment of H1 kinase activity
during therapy for both model and primary cells. In this report we describe a proteomic
workflow that combines liquid chromatography mass spectrometry, metal oxide (ZrO2/
TiO2) phosphopeptide enrichment, DDNL MS3 and a hierarchical MS3 data analysis
strategy to characterize histone H1 phosphorylation changes associated with flavopiridol and
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17AAG (17-(Allylamino)-17-demethoxygeldanamycin) therapy in the model Acute Myeloid
Leukemia (AML) cell line, Kasumi-1. Flavopiridol is a flavonoid derived from the
indigenous plant from India, Dysoxylum binectariferum. It inhibits cyclin-dependent kinases
CDKs 1, 2, and 4 at the G1/S and G2/M boundaries [46]. It has been reported to induce
apoptosis in Chronic Lymphocytic Leukemia (CLL) via activation of caspase-3 [47].
17AAG is an ansamycin antibiotic. It is an inhibitor to Hsp90 (Heat Shock Proteins 90).
Hsp90 is responsible for the proper folding of a variety mutated and over-expressed proteins
in cancer cells resulting in cell death [48] and regulates cell cycle associated proteins
including CDKs [49–51]. Using the methods described above, we determined histone H1
phosphorylation sites and global H1 phosphorylation changes associated with drug therapy.
Ten phosphorylation sites for the Acute Myeloid Leukemia (AML) model cell line,
Kasumi-1, were identified and both drugs were shown to decrease histone H1
phosphorylation.

EXPERIMENTAL
SAMPLE PREPARATION

Bovine milk α-casein and β-casein (Sigma, St. Louis, MO) were prepared in 25 mM
ammonium bicarbonate buffer to a final concentration of 25 µM. The protein mixture was
digested by modified sequencing grade trypsin (Promega, Madison, WI) for 1h at 37°C at an
enzyme/substrate ratio of 1:50. The digests were then dried in a vacuum concentrator
(Eppendorf, Hamberg, Germany), and reconstituted with HPLC grade water containing
0.1% formic acid to a concentration of 1 µg/µL before enrichment.

Kasumi-1 cells were grown at 37 °C in a humidified atmosphere containing 5% CO2 in
RPMI 1640 media supplemented with 20% heat-inactivated fetal bovine serum (FBS)
(Invitrogen), 100 U/ml penicillin, and 100 µg/ml streptomycin (BioWhittaker, Walkersville,
MD). Fifty million Kasumi-1 cells were treated with 17 AAG (600 nM), 1 mM valproic acid
(VPA), 60 nM bortezomib (velcade) and flavopiridol (300 nM) (Sigma-Aldrich, St. Louis,
MO) for 24 h. Histones were isolated from Kasumi-1 cells as described previously [52].
Briefly, the cell pellets were washed with 10 mM Tris buffer (pH = 7.5) and re-suspended in
NP-40 lysis buffer with protease inhibitor cocktail (CalBiochem, San Diego, CA), PMSF,
NaF, sodium orthovanadate, and phosphatase inhibitor cocktail 1 and 2 (Sigma-Aldrich, St.
Louis, MO). After centrifugation, the pellets were collected and washed with Tris buffer.
Sulfuric acid was added to the pellets to extract histones. The histones were precipitated
overnight by addition of 80% acetone to the supernatant. The resulting precipitate was
collected, dried and dissolved in 20% ACN containing 0.05% TFA.

HISTONE SEPARATION AND PURIFICATION
The histone mixtures were characterized by LC-MS. LC-MS was performed by use of
reversed-phase HPLC (Waters model 2690; Milford, MA) coupled to a MicroMass Q-TOF
(Micromass; Wythenshawe, UK) mass spectrometer. Histone mixtures were separated on a
1.0 mm×150 mm C18 column (Discovery Bio wide pore C18 column, 5 µm, 300 Å,
Supelco, USA). Mobile phase A contained ACN with 0.05% TFA. Mobile phase B
contained HPLC water with 0.05% TFA. Starting with 20% B, the gradient increased
linearly to 30% B in 2 min, from 30% B to 35% B in 8 min, from 35% B to 50% B in 20
min, from 50% B to 60% B in 5 min, from 60% B to 95% B in 1 min and stayed in 95% for
4 min at the flow rate of 25 µl/min. The column was equilibrated for 30 min before each
injection and washed twice with a blank run between each analysis. LC-MS data was
deconvoluted by Masslynx 4.0.
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Histone extracts from Kasumi-1 cells (1×107) were purified on a 4.6 mm×25 mm, 5 µm C18
discovery column (Sigma-Aldrich, St. Louis, MO) by use of the same 40 min gradient as
before. The proteins eluting at 14.04–14.91 min (H1.5), 17.74–18.90 min (H1.2, H1.3 and
H1.4) were collected and vacuum dried. The H1 extract was reconstituted in 25 mM
ammonium bicarbonate and digested with trypsin at ratio of 100:1 (protein: enzyme) at 37°C
for 1 h. H1 tryptic digests were dried and dissolved in 50% acetonitrile with 0.3%
trifluoroacetic acid (TFA) before phosphopeptide enrichment.

PHOSPHOPEPTIDE ENRICHMENT
Zirconium dioxide and titanium dioxide coated Nutips (Glygen Corp, Columbia MD) were
used to enrich the phosphopeptides from casein [26] and histone H1 digests. The loading
buffer was made up of 0.3% trifluoroacetic acid (TFA) in 50% acetonitrile. Nutips (ZrO2
and TiO2) were washed with HPLC grade water and equilibrated with the loading buffer
before loading samples. Casein peptides and histone H1 peptides mixture were reconstituted
in loading buffer, and loaded onto equilibrated Nutips. Unbound peptides were washed with
either 0.1% formic acid or 50% acetonitrile with 0.3% TFA; bound phosphopeptides were
eluted off the tip with 1% ammonium hydroxide (pH 10.5). Eluted peptides were dried,
reconstituted in 0.1% formic acid and subjected to data dependent neutral loss (DDNL)
MS3.

LIQUID CHROMATOGRAPHY - TANDEM MASS SPECTROMETRY
Experiments were carried out on the following instruments: LTQ-FT mass spectrometer
(Thermo Finnigan, San Jose, CA) and LTQ-Orbitrap mass spectrometer (Thermo Finnigan,
San Jose, CA). Nano-RPLC separations were performed on a Dionex Ultimate U3000
HPLC (Dionex, Sunnyvale, CA) with a 5 cm × 75 µm Pico Frit C18 column (New
Objective, Woburn MA) directly connected to a New Objectives nanospray emitter (15 µm,
New Objectives, Woburn, MA). A 2 µl sample volume was injected and then eluted by use
of a gradient (5% – 50% B, 0–28 min, 50% – 75% B, 28–32 min, 75% – 90% B, 32–38 min,
90% - 90% B, 43–48 min) of mobile phase A (0.1% formic acid in water) and mobile phase
B (0.1% formic acid in ACN) at a overall flow rate of 0.3 µl/min. The heated capillary
temperature and electrospray voltage were set at 150 °C and 1.5 kV, respectively. All data
were acquired in positive ion mode. Data-dependent neutral loss MS3 acquisition was used
for all experiments. In these experiments full MS scans (m/z 300–2000) were followed by
subsequent MS2 scans on the top five most abundant peptide ions using a normalized
collision energy of 35%. When a neutral loss of 98, 49 or 32.7 (H3PO4 for +1, +2 and +3
charge states) was observed the MS3 scan was triggered to isolate and fragment the
corresponding neutral loss product ions from the preceding MS2 scan.

DATA ANALYSIS
Caseins DDNL neutral loss MS3 data sets were analyzed by use of MassMatrix [53,54],
Mascot [55], X!Tandem [56] and a hierarchical MS3 search strategy [45]. Histone MS data
were searched by use of MassMatrix using the hierarchical MS3 search strategy [45,56].
Casein tandem MS data were searched against a protein database containing the sequences
for bovine α casein S1, S2, β casein and decoy sequences comprised of the reversed casein
sequence database. Phosphorylation (serine and threonine residues) and sodium adducts
(aspartic acid and glutamic acid) were included as variable modifications. Three missed
cleavages were allowed. Trypsin was selected as the enzyme for digestion which will cleave
the proteins after lysine and arginine. The mass tolerance is 10 ppm for precursor ion search,
1 Da for product ion.

Histone H1 data were searched against the NCBInr histones and/or NCBInr human protein
database (2009-05-26) appended with the equivalent reversed database as decoy sequences.
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Acetylation on the N terminus, acetylation of lysine, phosphorylation (serine and threonine
residues), methylation of lysine and arginine, formylation of lysine and sodium adducts
(aspartic acid and glutamic acid) were included as variable modifications. Three missed
cleavages were allowed. Trypsin was selected as the enzyme for digestion. The mass
tolerance is 0.02 Da for precursor ion search, 1 Da for product ion search. Additionally, the
mass tolerance is 5 ppm for precursor ion when the data were searched by several search
engines for comparison. All the raw data were converted to .mzData using BioWorks
(Thermo Fisher, San Jose, CA) and converted to mzXML. Then a Perl file was used to
combine these two files together to generate a third “fixed mzXML” file which was used as
the final file for searching the results. False positive rates were calculated as described by
Elias et al [57].

REAL TIME REVERSE TRANSCRIPTION-POLYMERASE CHAIN REACTION (RT-PCR)
ASSAYS

Quantitative RT–PCR was used to quantify Mcl-1-1 expression (primers available upon
request) after flavopiridol treatment. Untreated cells were used as a negative control. RT-
PCR was done using 2 µg of total RNA extracted with Trizol reagent (Invitrogen, Carlsbad,
CA) and reverse transcribed by Moloney murine leukemia virus reverse transcriptase
(Invitrogen). The comparative cycle threshold (CT) method was used to determine target
gene expression levels relative to an internal control 18S.

RESULTS AND DISCUSSION
VALIDATION OF PHOSPHOPROTEOMIC WORKFLOW AND HIERARCHICAL DATA
ANALYSIS

A component of this work is the novel hierarchical data analyses of DDNL MS3 data from
enriched phosphopeptides [45]. Before carrying out the workflow on AML cells we first
validated the workflow with commercially available phosphoproteins. Casein
phosphorylation has been extensively characterized and was thus selected as a control to
validate the proteomic platform [23,26,27,34,35,40,45,58–60]. Zirconium dioxide and
titanium dioxide solid phase extraction were used in parallel to enrich phosphopeptides from
casein tryptic digests [61]. Polyoxyanions including phosphate, sulfate and carboxylate
show high binding selectivity towards ZrO2 and TiO2 [62]. It was anticipated that ZrO2
would show a higher selectivity towards the phosphate group because it is a stronger Lewis
acid than other polyoxy anions [63]. Initially, 0.1 % formic acid was used to wash the
sample after loading to remove nonspecific binding peptides [26]. However, the 0.1%
formic acid solution did not adequately eliminate nonspecific binding in all samples. Several
alternative elution conditions were then evaluated. Larsen et al. reported the use of 50%–
80% ACN and 20 mg/mL 2,5-dihydroxybenzoic acid in 0.1% TFA as loading and washing
solutions for enhanced selectivity and improved MALDI TOF analysis [27]. While they
reported exciting results using these conditions, the presence of the DHBA would be
problematic for LC-MS/MS. Ishihama et al. reported the use of 50% acetonitrile with 0.3%
TFA as an effective loading buffer for IMAC [25]. They concluded that this loading buffer
will effectively neutralize acidic residues whilst minimizing nonspecific hydrophobic
binding between peptides and IMAC columns. We found that this later condition (50%
acetonitrile with 0.3% TFA) was also optimal as the loading and washing buffers for the
zirconium dioxide and titanium dioxide solid phase extraction of phosphopeptides. To elute
the phosphopeptides, the column was washed with 0.1% ammonia (pH 10.5) [26]. We
observed that ZrO2 showed stronger binding affinity than TiO2 toward singly
phosphorylated peptides as previously reported [64]. The total number of the
phosphopeptides identified after ZrO2 enrichment was greater compared with TiO2
enrichment. We identified 234 and 149 phosphopeptides from α casein sample after ZrO2
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and TiO2 enrichment respectively, while the number of phosphopeptides identified from β
casein was 212 and 126, respectively using the same approach. Therefore, ZrO2 shows
higher binding affinity to phosphate groups than TiO2 according to the MS spectral counting
results [65,66].

The neutral loss of the side-chain phosphate may dominate product ion formation and can
serve as a signature ion for phosphopeptides. Unfortunately, when the neutral loss product
ion dominates the MS2 spectrum it may be difficult to identify the phosphopeptide and
locate the phosphorylation site. This problem has been largely alleviated by the use of data-
dependent neutral loss MS3 experiments [25,41,43,67–70]. In DDNL MS3 experiments the
dominant NL product ion is selected and fragmented by CID yielding a higher abundance of
product ions from peptide backbone fragmentation. An example is shown in Figure 1 where
the top spectrum is from the MS2 and the bottom is for the MS3 of the neutral loss product
ions (−98 Da). The MS2 data show the expected NL as well as a low abundance of peptide
backbone cleavages. The MS2 and MS3 data are then used to identify the peptide and locate
the site of phosphorylation. The MS2 and MS3 data are often analyzed independently and
the results merged to form a master peptide list [44]. However, in our workflow we
evaluated the MS2 and MS3 data in series through the use of a hierarchical database search
algorithm [45]. In this approach the MS2 data is first analyzed to obtain a list of peptide
matches based on the molecular weight of the precursor ion as well as peptide backbone
cleavages if present. The MS3 spectrum generated from the DDNL experiment is then
evaluated against all the possible neutral loss products obtained from sequences returned in
the MS2 analysis. The constraints on the MS3 database search from the MS2 search results
limits the number of potential false positive candidates resulting in overall improved
confidence in peptide matches. The direct analysis of the casein tryptic digests using
phosphopeptide enrichment, nano-ESI-LC-MS3 combined with hierarchical MS2/MS3

database search resulted in the identification of 70 unique casein peptides including 26
unique casein phosphopeptides (Table 1) with no matches returned from the decoy database.
Two phosphorylation sites were identified by our workflow which were not reported
[26,27,40,60,71,72]. One is phosphorylation at T56 from the
peptide 48FQpSEEQQQpTEDELQDK63 of β casein [26,27,40] (Table 1 and Supplementary
Figure 1). Another one is phosphorylation of Ser 44 from the
peptide 39NMAINPpSKENLCSTFCK55 of α casein S2. We also detected several peptides
with multiple phosphorylations that undergo multiple neutral losses resulting in poor quality
tandem MS spectra [59,60,73] (Table 1 and Supplementary Figure 2).

A detailed comparison of hierarchical MS3 search results [45] and parallel search results
obtained with Mascot [55] and X!Tandem [56] for high and low mass accuracy data
confirmed the improvement in sensitivity and specificity. Overall, hierarchical data analysis
significantly reduced the number of false positives matching resulting in improved
sensitivity and specificity. For sake of comparison, peptides identified in other reports are
also denoted in Table 1 [26,27,40,60,71,72].

HISTONE H1 PHOSPHORYLATION
Histone H1 has long been used to assess kinase activity in vitro. By examining the changes
in H1 phosphorylation using mass spectrometry we can investigate kinase inhibition within
model and primary cells. Such an approach would be beneficial for preclinical assessment of
new targeted therapies on model and primary cells treated ex vivo. Histone H1s were first
fractionated by RP-HPLC. The collected factions were digested with trypsin. ZrO2 solid
phase extraction was used to enrich H1 phosphopeptides for reasons described above. We
identified 4 phosphorylation sites on H1.5, 4 phosphorylation sites on H1.4, 2
phosphorylation sites on H1.3, 2 phosphorylation sites on H1.2 and 1 phosphorylation site
from H1.x (Table 2). Most of the CDK dependent phosphorylation sites occur within the C-
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terminal tails of H1 at residues T138, T155 of H1.1; T146, S173, T154 of H1.2; T147, T155,
S189, of H1.3; T146, T154, S172, S187 of H1.4; and T138, T155, S173, S189 of H1.5
[3,74–77]. N-terminal phosphorylation on the tails is also CDK dependent: S31 of H1.X;
T31 of H1.2; T18 of H1.3 and H1.4; and S18 of H1.5 [3,76,77]. Non-CDK phosphorylation
sites have also been reported and include S2 of H1.1, S2, S36 and T165 of H1.2; S36 and
T180 of H1.3; S2, T4, S27, and S36 of H1.4, and S2, T4 and T11 of H1.5 [3,76]. The data
from our phosphoproteomic workflow of H1 phosphopeptides corroborated many of the
previously reported sites of H1 phosphorylation (Table 2 and Supplementary Figure 3). Ser
2 of H1.x was identified as a novel phosphorylation sites by our workflow. Although there
was no MS3 data for this peptide (Ac

2pSVELEEALPVTTAEGMAK19), the unmodified MS
spectra in the same experiment confirmed the identification (Supplementary Figure 3b).

H1 PHOSPHORYLATION DURING DRUG TREATMENT
We next applied the LC-MS histone profiling approach to assess histone phosphorylation
changes in the acute myeloid leukemia model cell line (Kasumi-1) associated with
chemotherapy. Acid-extracted histones from Kasumi-1 cells were profiled by LC-MS. The
histones were well separated and each peak was deconvoluted by MaxEnt algorithm in
MassLynx 4.0. The first peak, eluted from the column at a retention time greater than 20
minutes, was identified as N-terminally acetylated H1.5 (Mw = 22,491 Da). The second
peak, eluting two to three minutes later than the H1.5 peak, was a mixture of N-terminally
acetylated H1.4 (Mw = 21,774 Da) and H1.3 (Mw = 22,257 Da) (Figure 2 and
Supplementary Figure 4). To examine the effect of drug treatment on histone H1, we treated
Kasumi-1 cells with flavopiridol and 17AAG for 24 h. For these drugs, we observed that the
phosphorylation of H1.5 decreased dramatically (Figure 3 and Supplementary Figure 5). To
further demonstrate the decrease in phosphorylation induced by flavopiridol and 17AAG, a
bar chart was constructed showing the relative abundance of monophosphorylated H1.5 to
unphosphorylated H1.5 in each drug treatment (Figure 4a). A significant decrease in the
peak abundance ratio was observed when compared with the untreated Kasumi-1 control
(N=3–4 biological replicates per treatment). Furthermore, a similar chart was constructed
showing the ratio of the total phosphorylated H1.5 peak abundances to the unphosphorylated
H1.5 peak abundance for each drug treatment (Figure 4b). These data demonstrate the
significant change in H1.5 phosphorylation in response to flavopiridol and 17AAG
treatments in vitro.

17 AAG has been reported to induce apoptosis of AML cells including Kasumi-1 cells by
inhibiting Hsp90 [78–83]. Hsp90 is strong binder of histones and their kinases. Early reports
suggested that HSP90 is autophosphorylated in the presence of histones and in turn
phosphorylates the histones inducing chromatin condensation [84,85]. The most plausible
explanation for this activity is that early Hsp90 cellular isolates also contained bound
kinases. CDKs are known substrates of Hsp90 and the inhibition of Hsp90 by 17AAG has
been show to disrupt their activity [49–51]. Our data show that treatment with 17AAG
resulted in a loss of H1.5 phosphorylation supporting a decrease in kinase activity induced
by this therapy.

Flavopiridol, the first active cyclin-dependent kinase inhibitor, has been reported to induce
apoptosis in CML (chronic myelogenous leukemia) and AML cells [86–89]. Flavopiridol
treatment can lead to apoptosis via a mechanism that has been associated with down-
regulation of a key antiapoptotic protein Mcl-1 in lung carcinoma cells [90]. This down-
regulation can lead to release of the histone kinase Cdc2 / Cdk1. However, flavopiridol is
also a potent Cdk inhibitor. We examined the expression of Mcl-1 by RT-PCR in Kasumi-1
cells (300 nM flavopiridol treatment from 15 min to 12 h). Three replicates were obtained
and the percent expression of Mcl-1 relative to the control was plotted versus the time of
treatment with flavopiridol. As shown in Figure 5, the Mcl-1 expression decreased
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significantly in a time-responsive manner and Mcl-1 expression was barely detectable after
12 hour-treatment with flavopiridol. Despite the decrease in Mcl-1, our data show that
flavopiridol was effective at inhibiting phosphorylation of H1.5.

The decrease of H1.2 and H1.5 phosphorylation are reported to be markers for early onset of
apoptosis. Kratzmeier et al. described the rapid dephosphorylation of certain histone
subtypes shortly after induction of apoptosis and before the onset of internucleosomal
cleavage [91]. The phosphorylation of linker histone H1 has been associated with the
regulation of oncogene expression, DNA damage repair and chromatin decondensation [4–
6]. The role of H1 phosphorylation is postulated to modulate DNA recognition and/or DNA
cleavage by the caspase 3-mediated activation of caspase activated DNase. However, we
postulated that treatment of 17AAG and flavopiridol result in dephosphorylation of H1.5
principally through inhibition of kinase signaling pathways. Because these two drugs are
examples of direct and indirect inhibition of CDK activity, we also examined two additional
drugs with different primary mechanisms of action. These drugs, velcade [92] and valproic
acid [93] act via proteome inhibition and histone deacetylase inhibition. While each of these
drugs has been shown to induce apoptosis or inhibit proliferation in myeloid cells, none of
these drugs showed significant changes in H1.5 phosphorylation when compared to the
untreated Kasumi-1 control (see Supplementary Figures 5 and 6) [93–98].

CONCLUSIONS
To facilitate the characterization of phosphorylation sites and improve the reliability of
phosphopeptides identification we employed a proteomic workflow that combined
phosphopeptide enrichment, data-dependent neutral loss MS3 and hierarchical data analysis.
The workflow was first validated against standard casein phosphoproteins and then applied
to Histone H1 phosphoproteins from Kasumi-1 cells. Known phosphorylation sites of
caseins and histone H1 variants were successfully identified as well as several novel sites of
phosphorylations. Furthermore, by examining the histone phosphorylation profiles in
Kasumi-1 cancer cell lines using LC-MS we were able to monitor modulation of histone H1
phosphorylation associated with flavopiridol and 17AAG chemotherapy. The data presented
herein demonstrate the histones may be a potent marker to assess the cellular response of
therapy for reagents that have direct and indirect effects on kinase activity.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Identification of phosphorylation sites using hierarchical MS2/MS3 data analysis. (Top) MS2

spectrum of the doubly charged precursor ion at m/z of 797.86 Da. (Bottom) MS3 spectrum
of neutral loss product ion at m/z 749.12. The peptide was identified as α-casein S2
phosphopeptide 152TVDMEpSTEVFTKK164. The MS2 spectrum is magnified to accentuate
the lower abundant y ions and b ions.
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Figure 2.
HPLC separation of histones derived from Kasumi-1 cells. Top: histones from Kasumi-1
cells. Middle and Bottom: histones from Kasumi-1 cells treated by flavopiridol and 17 AAG
for 24 h, respectively
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Figure 3.
Deconvoluted mass spectra of H1.5. Top: Mass distribution of Histone H1.5 from control
Kasumi-1 cells, the first peak at 22,490 Da is the mass peak of unmodified H1.5, the peak at
22,567 Da is mono-phosphorylated H1.5, the peak at 22,648 Da is diphosphorylated H1.5;
Middle & Bottom: Mass distribution of histone H1.5 from Kasumi-1 cells treated with
Flavopiridol and 17 AAG, respectively. Mono- and di-phosphorylated H1.5 peak
magnititude of the cells treated by Flavopiridol and 17 AAG was decreased compared to the
mass spectra of the control sample.
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Figure 4.
Bar chart depicting the changes in the monophosphorylated (top) and total phosphorylated
(bottom) H1.5 peak abundance in response to each drug treatment. The charts show the
significant decrease in the peak ratios for the flavopiridol and 17AAG drug treatments when
compared to the untreated Kasumi control as determined by a student’s t-test (N=3–4 for
each sample). The other drug treatment’s abundance ratios were not significantly different
from the Kasumi control abundance ratio. The error bars show the 95% confidence interval
for the abundance ratios.
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Figure 5.
Quantitative RT–PCR showed that flavopiridol treatment reduces the Mcl-1 expression in
Kasumi-1 cells.
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