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Abstract
The analysis of proteins by reversed-phase liquid chromatography (RPLC) commonly involves the
use of TFA as an ion-pairing agent, even though it forms adducts and suppresses sensitivity. The
presence of adducts can complicate protein molecular weight assignment especially when protein
isoforms coelute as in the case of histones. To mitigate the complicating effects of TFA adducts in
protein LC-MS, we have optimized TFA-free methods for protein separation. Protein standards
and histones were used to evaluate TFA-free separations using capillary (0.3 mm id) and
nanoscale (0.1 mm id) C8 columns with the ion-pairing agents, formic acid or acetic acid. The
optimized method was then used to examine the applicability of the approach for histone
characterization in human cancer cell lines and primary tumor cells from chronic lymphocytic
leukemia patients.
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INTRODUCTION
Nucleosomes, comprised of DNA and histones, are the fundamental unit of chromatin and
are responsible for to the regulation of chromatin structure and function [1]. Chromatin
structure influences DNA replication, repair, and recombination, as well as gene
transcription [2]. Traditionally, to identify histones and their PTMs, immunoassay
techniques such as immunoprecipitation, western-blotting, and immunofluorescence have
been commonly utilized [3–5]. However, the shortcomings of these methods limit their
applications. Immunoassays are dependent on the availability of high specificity antibodies
for known modification sites. Furthermore, the specificity of the antibody to a given
posttranslational modification can be affected by modifications on neighboring amino acids
in the epitope [6]. Moreover, the identification and characterization of histones are
complicated because of sequence variants and their multiple PTMs. These variants usually
differ from each other by only a few amino acids, which may or may not be within the

*Address reprint requests to Dr. Michael A. Freitas, The Ohio State University Medical Center, 460 West 12th Avenue, Columbus,
OH 43210, USA. Phone (614) 688-8432, Fax (614) 688-8675, freitas.5@osu.edu.

NIH Public Access
Author Manuscript
Proteomics. Author manuscript; available in PMC 2012 December 07.

Published in final edited form as:
Proteomics. 2011 August ; 11(16): 3326–3334. doi:10.1002/pmic.201000445.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



antigenic epitope. Therefore, detection of specific variants by antibodies is especially
challenging [7].

Recently, Liquid Chromatography Mass Spectrometry (LC-MS) has become increasingly
popular to analyze histones and their PTMs [8, 9]. Ion-pairing agents are added to the LC
mobile phases to bind analytes and neutralize charge in order to improve chromatographic
resolution. The most commonly used ion-pairing reagent in histone analysis is
trifluoroacetic acid (TFA). TFA provides excellent chromatographic protein separation, but
causes signal suppression in ESI–MS systems due to ion pair formation and increased
mobile phase surface tension [10, 11]. In addition, TFA binds the histones producing
adducts that decrease the limit of detection and complicate the data analysis. The alternative
ion-pairing agent heptafluorobutyric acid (HFBA) has also been shown to exhibit the same
effects [8]. Weaker ion-pairing reagents, such as formic acid and acetic acid, form adducts
that are less stable but result in poorer chromatography performance. Consequently, the
choice of ion-pairing reagents is a balance between sensitivity and separation efficiency.

Mixtures of TFA with other ion-pairing agents have been used to separate and identify
proteins by LC-MS. Duchateau et al. used a mixture of TFA and formic acid to obtain high
separation efficiency and better sensitivity [12]. Years later Clarke et al. [13] tested a
mixture of acetic acid (0.5%) and TFA (0.02%) for the analysis of amyloid-β polypeptides.
Chong et al. [14] used the combination of TFA (0.1%) and formic acid (0.2 to 0.3%) to
characterize proteins from human breast cancer cells [15]. Despite these efforts, even
modest amounts of TFA still result in adduct formation complicating data analysis,
especially when species coelute and are isobaric in mass with the TFA adducts.

The focus of the work described in this manuscript was to develop TFA-free histone
separations. We offset the decreased chromatographic performance brought on using weak
ion-pairing agent by capillary and nanoscale columns. We evaluated the performance of
formic acid, acetic acid, and a mixture of formic acid and TFA at varied mobile phase
concentrations on C8 columns of different column diameters and particle sizes. Core
histones extracted from bovine calf thymus and protein standards were used for method
optimization. The optimized methods were then evaluated for their ability to profile histones
by LC-MS for human cancer cell lines and primary tumor cells from chronic lymphocytic
leukemia (CLL) patients.

EXPERIMENTAL
Preparation Of Cell Lines

Peripheral blood was obtained from patients following written consent. Patients were
diagnosed with CLL by NCI 1996 criteria [16] and had elevated peripheral leukocyte counts
(> 20,000/μL), but were otherwise unselected based on disease stage or prognostic
subgroup. CLL B-cells were negatively selected using RosetteSep (Stem Cell Technologies,
Vancouver, BC) and isolated by ficoll density gradient centrifugation. Cells were incubated
at 37 °C and 5% CO2 in RPMI 1640 with 10% fetal bovine serum (FBS), 100 U/mL
penicillin, 100 μg/mL streptomycin, and 2 mM L-glutamine (Sigma-Aldrich Co., St. Louis,
MO).

The non-malignant immortalized breast cell line, MCF-10A (CRL-10317) and the breast
cancer cell lines, MCF-7 (HTB-22) and MDA-MB-231 (HTB-26), were obtained from
ATCC (Manassas, VA). MCF-10A cells were cultured in DMEM/F-12 (#11320-033, Life
Technologies, Carlsbad, CA) with 5% Horse serum (Life Technologies), 100 μM MEM
Non-Essential Amino Acid (NEAA, #111-400-50, Life Technologies), 10 mg/mL EGF
(#E1257, Sigma-Aldrich Co., St. Louis, MO), 0.5 μg/mL Hydrocortisone (EMD Chemicals
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Inc., Gibbstown, NJ), 100 ng/mL Cholera Toxin (#C8052, Sigma-Aldrich Co.), and 10 μg/
mL bovine insulin (#I5500, Sigma-Aldrich Co.) as described previously [17]. MCF-7 and
MDA-MB-231 cells were cultured in RPMI Medium 1640 (#11875-119, Life Technologies)
and DMEM (#11965-126, Life Technologies), respectively, in the presence of 10% FBS and
MEM NEAA. All three cell lines were maintained in humidified incubator with 5% CO2. At
the time of splitting or harvesting, cells were treated with 0.05% or 0.25% trypsin for 10
minutes with subsequent termination by addition of growth medium then washed with ice-
cold PBS and stored at −80 °C.

Preparation Of Protein Standards
Ubiquitin from bovine erythrocytes and insulin from bovine pancreas were purchased from
Sigma-Aldrich Corp (St. Louis, MO). Carbonic anhydrase from bovine erythrocytes,
cytochrome C from equine heart, lysozyme from chicken egg white, and myoglobin from
equine heart were purchased from Protea Biosciences Inc. (Morgantown, WV). A six-
component equimolar (50 μM) mixture of them was made by dissolving and mixing all the
compounds by HPLC grade water.

Extraction Of Histones From Bovine Calf Thymus
Core histones were extracted from bovine calf thymus (Worthington Biochemical Corp.,
Lakewood, NJ) using an acidic extraction procedure previously described [6, 18].

Extraction Of Histones From Human Cells
Histones in human cancer cells (1.0×108 cells) were extracted as previously described [19].
The cell pellet was resuspended with 5 mL ice cold nuclei isolation buffer (NIB) (10 mM
Tris-HCl, pH 7.5, 10 mM NaCl, 3 mM MgCl2, 0.5% Nonidet P-40, 0.15 mM Spermine, and
0.5 mM Spermidine) and incubated on ice for 5 min. Nuclei were pelleted by 1,500 rpm
centrifugation at 4 °C for 15 min, and then the nuclei pellet was washed with 5 mL solution
(10 mM Tris-HCl, pH 7.5, 150 mM NaCl) and resuspended in 400 μL 0.4 M H2SO4 (ice
cold), followed by 30 min incubation on ice. After 15 min centrifugation (14,000 rpm, 4 °C),
acetone was added to the supernatant with a final concentration of 80% to precipitate
histones at −20 °C overnight. The precipitate was washed with ice cold acetone, and dried,
and dissolved in water before HPLC separation.

Liquid Chromatography Mass Spectrometry (LC-MS)
Histone extracts and protein standards were separated by reversed-phase HPLC (Dionex
Ultimate 3000 capillary/nano HPLC system, Dionex, Sunnyvale, CA) and mass analyzed
with either a Thermo Fisher LTQ Orbitrap XL, or an LCQ Deca XP (Thermo Finnigan, San
Jose, CA), equipped with micro/nanospray ionization sources (Michrom Bioresources Inc.,
Auburn, CA). HPLC separations were carried out at a flow rate of 5 μL/min or 7 μL/min on
a 0.3 mm × 150 mm C8 column (5 μm, 300 Å, Michrom Bioresources Inc., Auburn, CA),
and at a flow rate of 1 μL/min on a 0.1 mm × 150 mm C8 column (3 μm, 300 Å, Michrom
Bioresources Inc., Auburn, CA). The mobile phases consisted of HPLC grade water, and
acetonitrile (ACN), with TFA, formic acid, or acetic acid added as ion-pairing reagents. The
optimized gradient methods were developed to provide the optimal separation of core
histones and protein standards. The optimized gradient to separate histones was a linear-
convex segment gradient (Table 1). Protein standards were eluted with a linear segment
gradient (Table 2). The heated capillary temperature and electrospray voltage were set at
175°C and 2.0kV, respectively. Molecular weight and distribution of protein isoforms were
determined using Xtract deconvolution (Thermo FisherScientific, San Jose, CA) and IsoPro
3.1 (http://sites.google.com/site/isoproms/).
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RESULTS AND DISCUSSION
Effect Of TFA Ion-Pairing Agent On The ESI-MS Spectra Of Histones

Effective separations of proteins by RP-HPLC require the addition of ion-pairing agents.
These components form ion-pairs with protein analytes’ charged side-chains exposing the
hydrophobic core of the protein. Consequently, the interaction of proteins with the
hydrophobic stationary phase allows for their retention and separation [15, 20]. Organic
acids are common ion-pairing agents and their low pKa promotes protein unfolding and
denaturation. The combination of ion-pairing and unfolding results in proteins adopting
similar conformations in solution manifested by sharp and symmetrical peaks [10, 21, 22].

The most frequently used ion-pairing agent TFA, even in modest amounts, results in the
formation of adducts with basic species complicating data analysis. For histone profiling,
this is especially a problem due to their highly basic nature and protein modifications that
can be obscured by the TFA adducts. To illustrate this effect, Figure 1 shows a capillary (0.3
mm id, 5 μm particle size) LC-MS separation of bovine histones using either 0.5% formic
acid or a mixture of 0.5% formic acid and 0.005% TFA as the mobile phase modifiers.
Comparison of the two histone profiles reveals that TFA gave a better separation of histones,
and improved retention times, which can be attributed to its well-known ion pairing. This
effect may also be partially attributed to the adsorption of TFA on the RP surface and
consequent ion interaction effects [23]. Formic acid yielded higher signal response (as
measured by the total ion current from separations with the same quantity injected onto the
column) and thus higher sensitivity. More important, TFA in the mobile phase gives rise to
adducts that suppress ionization and complicate data analysis (Figure 2). Attempts to disrupt
the TFA adducts using nozzle skimmer dissociation ultimately result in fragmentation of
histone H4 (data not shown) before the adducts are disrupted. TFA also affects stability of
the electrospray resulting in decreased sensitivity [10]. A comparison of two histone profiles
in Figure 1 and Figure 2 shows that it is possible to balance efficient LC separation and
sensitive mass detection. For the characterization of histones with complex co-eluting
PTMs, the elimination of adducts is necessary to not only simplify data analysis but also
improve the detection of low abundant species.

Optimization Of TFA-Free Histone LC-MS
Our laboratory has taken great efforts to develop histone separation methods for LC-MS.
We have previously reported on the application of microbore separations based on the 1.0
mm × 150 mm C18 columns (Discovery Bio wide pore C18 column, 5 μm, 300 Å, Supleco
Inc., Bellefonte, PA) using TFA as a mobile phase additive [6, 7, 24]. Histone separations
yield an average peak capacity of 65 for this method. When we evaluated the capillary scale
(0.3 mm id) separations, we found that C18 columns provided poorer performance than C8
columns. The use of a 0.3 mm id C8 column w/TFA (Figure 1) provided significantly
improved peak capacity (124) over the microbore separations.

In this study, in order to develop TFA-free histone separation methods, several variants and
factors important for LC and MS performance were optimized; gradient elution program,
flow rate, ion-pairing agent(s) and their concentration(s) in the mobile phase, column id
(capillary scale 0.3 mm id, and nanoscale 0.1 mm id), and the particle size of stationary
phase. Figure S1 in Supporting Information shows the capillary scale LC-MS separation of
bovine histones at different flow rates using 1% formic acid as the modifier. 5 μL/min and 7
μL/min flow rates yielded similar peak capacities (120 and 126). However, 5 μL/min gave
slightly better resolution compared with that of 7 μL/min. Therefore, we optimized all
additional parameters using the 5 μL/min flow rate.
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Next we evaluated the use of formic acid and acetic acid as ion-pairing agents at varying
concentrations in mobile phase. Figure 3 shows the LC-MS separations of bovine histones
with the optimized gradient over 5 different concentrations of formic acid in mobile phase,
0.1%, 0.2%, 0.4%, 0.5%, and 1%. Separation resolution was enhanced with increased
mobile phase concentrations of formic acid until it is above 0.5%. Peak shape improved and
peak widths at half height decreased when increasing concentration of formic acid in mobile
phase. No significant difference was observed between 0.5% and 1.0% formic acid. The
increased retention time of the histones at higher formic acid concentrations in the mobile
phase is due to increased adsorption of formic acid on the RP surface and consequently more
ion interaction effects [15]. Peak capacity also decreased as the concentration of formic acid
in mobile phase decreased. The peak capacity was 120 for 1% formic acid, 116 for 0.5%
formic acid, 112 for 0.4% formic acid, 71 for 0.2% formic acid, 52 for 0.1% formic acid.
We also noted higher background with 1% formic acid (2.5 times higher noise level)
compared with 0.5% formic acid, emphasizing the importance of high purity reagents.
Therefore, we selected 0.5% formic acid as the preferred mobile phase modifier
concentration.

In addition to formic acid, acetic acid (0.5%, 1%) was also evaluated as a mobile phase
modifier. Figure 4 shows the LC-MS separations of bovine histones with the optimized
gradient over 2 different conditions, 0.5% formic acid and 0.5% acetic acid. Acetic acid
provided much poorer separation as compared to formic acid. The chromatogram with 1%
acetic acid wasn’t shown as no signal was obtained because of the high noise level
presumably due to the increased amount of acetic acid. These results are consistent with
those reported by Garcia [20]. The better performance of the formic acid can be partially
explained by the strength of the ion-pair complex. Formic acid has a pKa = 3.75 compared
to acetic acid’s pKa = 4.75. The ion-pair complex forms a stronger bond with formic acid
than with acetic acid because its lower pKa, thus decreasing dissociation of the ion-pair
bond. Overall the effect is a reduction in the band broadening for separations using formic
acid.

Next we evaluated the use of smaller id column with smaller particle sizes. By moving to the
smaller C8 column (0.1 mm × 150 mm, 3 μm, 300Å), sensitivity, detection limit and peak
capacity were all improved. At 1% formic acid concentration, the peak capacity improved to
154 and at 0.5% concentration improved to 146 (Figure 5). In addition the amount of sample
loaded on the column was reduced from 0.5–1.0 μg on the capillary column (0.3 mm id) to
100–200 ng on the nanoscale column (0.1 mm id). Thus the nanoscale sensitivity was > 5
times better than that for capillary separations.

Xtract deconvolution of the average FTMS spectra for each resolved LC peak was
performed for all the separation conditions. The resulting histone isoform masses were then
compared against bovine histone sequences with commonly observed PTMs applied and
prior analyses performed with Human histones extracted from Hela Cells [7]. The masses of
histones and histone PTMs were calculated by IsoPro based on known amino acid sequences
and PTMs. The histone variants that we observed under each separation condition are listed
in Supporting Information Table S1. The majority of histone variants/isoforms were
observable under all the conditions we examined. The histone isoform corresponding in
mass to H2AV was only detected with 0.1 mm column and the H2B variant PT15 was not
observed with the acetic acid modifier. This analysis suggests that regardless of the peak
capacity the TFA-free separations are robust at detecting a wide range of histone isoforms.

TFA-Free LC-MS Analysis Of Protein Standards
To test the general applicability of the TFA-free capillary scale separation method, an
equimolar mixture of 6 protein standards was separated on the capillary C8 column (0.3 mm
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× 150 mm, 5 μm, 300 Å) at 5 μL/min, using a solvent system consisting of 0.5% formic
acid in water (solvent A) and 0.5% formic acid in acetonitrile (solvent B), and a linear
segment gradient described in the experimental section. The chromatogram is shown in
Supporting Information Figure S2. By use of the Xtract deconvolution algorithm (Thermo
FisherScientific, San Jose, CA), the protein standards’ molecular weights and elution order
were determined. Six protein standards eluted in the following order: lysozyme (14305 Da),
cytochrome C (12360 Da), ubiquitin (8560 Da), insulin (5733 Da), myoglobin (16951 Da),
and carbonic anhydrase (29024 Da). The elution order correlates with the predicted
increasing hydrophobicity of protein standards [25].

Application Of TFA-Free LC-MS Analysis
The previous data demonstrate that the TFA-free LC-MS method is valuable for
identification of histones and characterization of histone PTMs, and could be applied to
analyze protein standards in general (mass range from 5,733 Da to 29,024 Da). It is
important to determine whether this method can be extended to intended application of
profiling histones in “real” human cancer samples. For this purpose we studied histones
extracted from B cells (one normal volunteer and seven CLL patients) and three human
breast cancer cell lines. Extracted histones were separated under the optimized conditions,
consisting of a capillary scale column (C8, 0.3 mm × 150 mm, 5 μm, 300 Å), 5 μL/min flow
rate, mobile phase A (0.5% formic acid in water) and mobile phase B (0.5% formic acid in
acetonitrile), and a linear-convex segment gradient described in the experimental section.
Intact histone mass profiles were generated from acquired mass spectra using the Xtract
deconvolution (Thermo FisherScientific, San Jose, CA) in Xcalibur QualBrowser software.

Figure 6 and 7A show the chromatograms of histones extracted from normal B cells,
primary CLL patients’ B cells, and the human breast cancer cell lines. The elution order of
histones for every sample is same as that of bovine histones, H1 for peak 1 and 2, H2B for
peak 3, H4 for peak 4, H2A for peak 5 and 6, H3 for peak 7 and 8. Comparing the
chromatograms, for the same species of histone from different patients or different breast
cancer cell lines, the retention time is similar to each other, as is the resolution of adjacent
peaks.

To demonstrate the potential of the approach to determine changes in histone isoform
distributions, the representative mass spectra of histone H4 in the bovine calf thymus and
breast cancer cells are shown in Figure 7B. Note that in these deconvoluted spectra there are
no adducts from TFA. Thus the assignment of isoform mass is straightforward with a higher
potential for automation. H4 is unique compared to H2A, H2B and H3. Several variants of
these histones are known whereas no sequence variants for H4 have been reported (Table
S1). Therefore, the analysis of H4 mass spectra is not complicated by the existence of its
variants and only related to its PTMs [7]. Following this logic the highly abundant peak
observed at 11,305 Da is due predominantly to the dimethylation (Me2) and N-terminal
acetylation (NAc) of H4 (Figure 7B). The second most abundant peak, 11,347 Da is 42 Da
higher in mass and characteristic of additional acetylation upon the H4 N-terminal tail.
Other minor peaks at 11,276 Da and 11,290 Da corresponded to the H4 isoforms with NAc
and NAc + Me (monomethylation) respectively. This interpretation of the data is consistent
with previous reports that assigned 11,305 Da to NAc + K20Me2, 11,347 Da to NAc +
K16Ac + K20Me2 [26, 27]. It is important to note that with additional fractionation, middle-
down and 2D LC-MS methods can detect greater numbers of isoforms [28–33]. However,
the current approach is designed to maximize the amount of sample information whilst
minimizing the upfront sample preparation. As such it is an excellent tool for profiling
samples obtained from limited human tissues.
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The data in Figure 7B demonstrate the feasibility of LC-MS profiling to reveal histone
isoform differences using our approach. We observed distinct differences in the distribution
of H4 isoforms between the MCF-10A/MCF-7 and MDA-MB-231 cells. These results are
consistent with other observations that suggest loss of H4 (K16Ac) is associated with more
aggressive tumors [34]. It has been long known that global changes in histone PTMs have
prognostic significance in many different cancers [35]. For example, the reduction in H4
(K16Ac) and H4 (K20Me2) appears to be an early event that progresses throughout tumor
development. Both H4 (K20Me2) and H4 (K16Ac) appear to be involved in DNA damage
control and the loss of these PTMs has been considered as a near universal epigenetic
marker for cancer [34]. In addition, cells with reduced H4 (K16Ac) demonstrate an increase
in genomic instability that appears similar and/or linked to the gH2AX damage response,
suggesting a role in facilitating mutations and chromosomal rearrangements that are a
fundamental cause of cancer [36]. Taken as a whole, this work displays the potential of
TFA-free separation to reveal histone patterns in human cancers.

CONCLUSION
A TFA-free histone separation method was developed, optimized using bovine histone
standard and further applied to human cancer samples. Gradient program and flow rate were
optimized on a capillary column and a nanoscale column respectively. Formic acid (0.1%,
0.2%, 0.4%, 0.5%, and 1%), and acetic acid (0.5% and 1%) were evaluated by comparing
sensitivity, resolution, and peak capacity. Formic acid (0.5%) gave the best separation
performance and quality of MS data. Capillary separations of protein standards, and histones
extracted from primary CLL cells and breast cancer cells were demonstrated. TFA-free
capillary and nanoscale separations bring two advantages to LC-MS analysis of proteins.
Firstly, less sample is consumed and secondly, elimination of TFA adducts simplifies data
analysis.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Capillary LC-MS separation of bovine histones, 5 μL/min, C8 column, 0.3 mm × 150 mm, 5
μm, 300 Å. (A): The separation performed without TFA, (B): The separation with TFA. The
absence of TFA adducts on (A) is noticeable. Data were collected on an LTQ Orbitrap XL.
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Figure 2.
Reconstructed mass spectra of H4 from Figure 1 using the Xtract deconvolution software
(Thermo FisherScientific, San Jose, CA). (A): The H4 profile obtained without TFA, (B):
The H4 profile with TFA present. Data were collected on an LTQ Orbitrap XL. TFA adduct
formulas, observed and expected masses are listed in Supporting Information Table S2.
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Figure 3.
Capillary LC-MS chromatograms of bovine histones, 5 μL/min, C8 column, 0.3 mm × 150
mm, 5 μm, 300 Å. Data were collected on an LTQ Orbitrap XL. From (A) to (E): 1%, 0.5%,
0.4%, 0.2%, and 0.1% formic acid.
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Figure 4.
Capillary LC-MS chromatograms of bovine histones, 5 μL/min, C8 column, 0.3 mm × 150
mm, 5 μm, 300 Å. Data were collected on an LTQ Orbitrap XL. (A): 0.5% formic acid, (B):
0.5% acetic acid.
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Figure 5.
Nano LC-MS chromatograms of bovine histones, 1 μL/min, C8 column, 0.1 mm × 150 mm,
3 μm, 300 Å. Data were collected on an LTQ Orbitrap XL. (A): 1% formic acid, (B): 0.5%
formic acid.
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Figure 6.
Capillary LC-MS chromatograms of bovine histone standard, and histones extracted from B
cells (one normal volunteer and seven CLL patients), 0.5% formic acid, 5 μL/min, C8
column, 0.3 mm × 150 mm, 5 μm, 300 Å. Data were collected on an LTQ Orbitrap XL.

You et al. Page 15

Proteomics. Author manuscript; available in PMC 2012 December 07.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



Figure 7.
(A) Capillary LC-MS chromatograms of bovine histone standard, and histones extracted
from three human breast cancer cell lines, 0.5% formic acid, 5 μL/min, C8 column, 0.3 mm
× 150 mm, 5 μm, 300 Å. Data were collected on an LCQ DecaXP. (B) Reconstructed mass
spectra of H4 from Figure 9A using the Xtract deconvolution software (Thermo
FisherScientific, San Jose, CA). Data were collected on an LTQ Orbitrap XL.
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Table 1

Linear-convex gradient for histone separation.

Time range % B Curve

0–5 min 20% - 20% linear

5–25 min 20% – 30% convex 2

25–65 min 30% – 35% convex 4

65–78 min 35% – 48% linear
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Table 2

Linear gradient for protein standard separation.

Time range % B

0–5 min 15% – 15%583

5–15 min 15% – 35%

15–20 min 35% – 40%584

20–25 min 40% – 40%

25–27 min 40% – 60%585
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