
Label-Free Relative Quantitation of Isobaric and Isomeric Human 
Histone H2A and H2B Variants by Fourier Transform Ion 
Cyclotron Resonance Top-Down MS/MS

Xibei Dang1, Amar Singh2, Brian D. Spetman3, Krystal D. Nolan4, Jennifer S. Isaacs4, 
Jonathan H. Dennis3, Stephen Dalton2, Alan G. Marshall1,5, and Nicolas L. Young5,6,†

1Department of Chemistry and Biochemistry, Florida State University, 95 Chieftain Way, 
Tallahassee, FL 32306-4390

2Department of Biochemistry and Molecular Biology, University of Georgia, 724 Biological 
Sciences Building, Athens, GA 30602-2607

3Department of Biological Science, Florida State University, 319 Stadium Drive, Tallahassee, FL 
32306-4295

4Cell and Molecular Pharmacology & Experimental Therapeutics, Medical University of South 
Carolina, 173 Ashley Avenue, Charleston, SC 29425

5Ion Cyclotron Resonance Program, National High Magnetic Field Laboratory, 1800 East Paul 
Dirac Drive, Tallahassee, FL 32310-4005

6Verna & Marrs McLean Dept. of Biochemistry & Molecular Biology, Baylor College of Medicine, 
One Baylor Plaza, Houston, TX 77030-3411

Abstract

Histone variants are known to play a central role in genome regulation and maintenance. However, 

many variants are inaccessible by antibody-based methods or bottom-up tandem mass 

spectrometry due to their highly similar sequences. For many, the only tractable approach is with 

intact protein top-down tandem mass spectrometry. Here, ultrahigh-resolution FT-ICR MS and 

MS/MS yield quantitative relative abundances of all detected HeLa H2A and H2B isobaric and 

isomeric variants with a label-free approach. We extend the analysis to identify and relatively 

quantitate 16 proteoforms from 12 sequence variants of histone H2A and 10 proteoforms of 

histone H2B from three other cell lines: human embryonic stem cells (WA09), U937, and a 

prostate cancer cell line LaZ. The top-down MS/MS approach provides a path forward for more 

extensive elucidation of the biological role of many previously unstudied histone variants and 

post-translational modifications.
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Introduction

The physiological state of the eukaryotic genome is chromatin, a protein-DNA complex. The 

nucleosome, the primary repeating unit of chromatin, consists of approximately 146 base 

pairs of DNA wrapped twice around a histone octomer core. The octomer contains 2 copies 

each of histones H2A, H2B, H3, and H4, also known as core histones. Histones play an 

essential role in dynamic gene regulation (i.e., transient changes in gene expression)[1–3], 

epigenetic inheritance of cellular phenotype (i.e., cellular differentiation)[4–5], genomic 

stability [6], and other genetic activities through post-translational modifications (PTMs) 

and variations in primary sequence. It is useful to define a “proteoform” as “a chemically 

distinct combination of post-translational modifications of a protein molecule”. A 

proteoform thus provides the most accurate description of a protein, including primary 

amino acid sequence variants as well as the identities and sites of post-translational 

modifications [7].

Histones H2A and H2B differ from histones H3 and H4 by their greater diversity in 

sequence and highly dynamic exchange to and from nucleosomes [8]. In humans, among at 

least 17 members in the H2A gene family and 19 in the H2B family (Figure 1), some have 

very similar primary sequences, whereas others, such as H2A.Z, H2A.X, and H2BFS exhibit 

significantly different sequences. Unlike histones H3 and H4, whose functions are mainly 

determined by PTMs, histones H2A and H2B affect cellular events through both PTMs and 

sequence variation [9–13].

The most-studied histone H2A variants are H2A.V, H2A.Z, H2A.X, H2Abdb, and Macro 

H2A [14–15]. However, most other H2A variants, the so-called canonical H2A histones, are 

not well characterized, partially due to high similarity in primary amino acid sequence. As 

for canonical histone H2A, the variants of the histone H2B family are even less studied 

because those variants only differ by one or a few amino acids over an average span of 125 

Dang et al. Page 2

J Proteome Res. Author manuscript; available in PMC 2018 November 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



AA. Furthermore, their sequence differences frequently occur near both the N- and C-

termini. Thus, the complete sequence of the intact histone is required to distinguish the 

various proteoforms, limiting the success of bottom-up and middle-down MS/MS to 

separate, identify, and quantitate these variants. The high sequence homology also makes 

specific antibodies, that do not cross react with other variants, difficult to produce. Most 

traditional physical separations are incapable of resolving these variants as well [16–18]. 

Therefore, top-down MS/MS is the best way to characterize these previously unstudied 

variants.

A top-down MS/MS experiment begins by isolating precursor ions of each (or very few) 

intact proteoforms. Fragmentation of a given proteoform potentially serves to distinguish 

and identify each of the variants; however, this requires that there is at least one cleavage 

between the amino acid positions that differ between the variants [19]. Previous top-down 

MS/MS studies in the Kelleher lab identified 10 proteoforms of H2A and 7 proteoforms of 

H2B in HeLa cells based on 8.5 T Fourier transform ion cyclotron resonance (FT-ICR) and 

combined ECD and IRMPD fragmentation with limited sequence coverage [20–21]. More 

recent results from the Garcia lab reported more histone H2B proteoforms with limited 

quantitative information achieved by bottom-up mass spectrometry with an Orbitrap Fusion 

with front-end electron transfer dissociation (fETD) [22]. The most recent work by the Hunt 

group identified 3 histone H2A variants with an LC-coupled Orbitrap Velos Pro with fETD 

[23].

As described below, we employed a 9.4T FT-ICR instrument with SWIFT isolation and 

electron capture dissocition (ECD) MS/MS, and a 14.5 T FT-ICR with fETD MS/MS to 

provide a more comprehensive, relative quantitative analysis for histones H2A and H2B 

from a range of cell lines. With our new developed proteoform assignment method and 3-

level relative quantitation, we identify 16 proteoforms from 12 sequence variants of histone 

H2A and 10 proteoforms of histone H2B, with an average ~70% sequence coverage and 

their relative ion abundances. We also provide the first convincing evidence for the co-

existence of the isobaric or near isobaric unmodified histone variants H2B1C, H2B1J, and 

H2B1O, via ultrahigh resolution splitting of deep z-ions.

Materials and Methods

Cell Culture and Histone Sample Preparation

HeLa S3 cells (American Type Culture Collection, Manassas, VA, USA) were maintained in 

Joklik’s modified MEM media and harvested on reaching a density of 107 cells/mL. 

ARCaPE cells (LacZ) were maintained at 37C with 5% CO2 in T-media (Invitrogen) 

supplemented with 5% heat-inactivated FBS and 1% Pen/Strep. They were subcultured to 

approximately 80% confluency prior to harvest for nuclei isolation. [33–35] WA09 hESCs 

were grown in media containing HEREGULIN β1 (10 ng/ml; Peprotech), ACTIVIN A (10 

ng/ml; R&D Systems), and human LONGR3 insulin-like growth factor 1 (IGF-1; 200 ng/ml; 

Sigma) and harvested at confluency. [36–37] The U937 (ATCC® CRL-1593.2™) and U1 

(NIH AIDS Reagent Program #165) pleural effusion, lymphocyte cell line was grown in a 

humidified incubator at 37ºC and 5% CO2. Cells were grown in RPMI1640 supplemented 

with 10% fetal bovine serum and 30 ng/mL Gentamicin.
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Cell nuclei were prepared by use of nuclei isolation buffer (15 mM tris HCl, 60 mM KCl, 15 

mM NaCl, 5 mm MgCl2, 1 mM CaCl2, 250 mM sucrose and 0.3% NP-40, to which 1 mM 

dithiothreitol, 10 nM microcystin, 0.5 mM 4-(2-aminoethyl) benzenesulfonyl fluoride, and 

10 mM sodium butyrate were added as inhibitors.) Histones were then obtained by standard 

acid extraction with 0.2 M H2SO4 at 4 ºC for 2 h under rotation. After centrifugation at 3400 

g, raw histones were precipitated from the supernatant by addition of 25% trichloroacetic 

acid (w/v) on ice for 45 min and then air-dried after washing with acetone.

Raw histones were further purified by reversed-phase high-performance liquid 

chromatography (RP-HPLC, Thermo Ultimate 3000 system, Thermo Fisher Scientific, San 

Jose, CA) with a Vydac C18 column (218TP54, 250 mm × 4.6 mm, Grace, Deerfield, IL) 

and a linear gradient (30% B to 60% B gradient with 0.3% B/min increase at 0.8 mL/min 

flow rate (Buffer A = 5% acetonitrile:water with 0.2% TFA; Buffer B = 95% 

acetonitrile:water with 0.188% TFA). Histone H2A eluted as 3 fractions at 42.0% B, 43.4%, 

and 43.6% B. Histone H2B eluted at 40.8% B. All fractions were collected automatically 

and dried under vacuum.

9.4 T FT-ICR Mass Spectrometry

Samples were dissolved in 50% acetonitrile, 1% formic acid solution at a final concentration 

of approximately 25 µg/mL and ionized by positive nanoelectrospray at a flow rate of 0.4 

nL/min. A custom-built 9.4 T Fourier transform ion cyclotron resonance mass spectrometer 

provided both broadband and tandem mass spectra. ECD precursor ions were isolated 

externally with a quadrupole mass filter and internally by stored waveform inverse Fourier 

transform (SWIFT) excitation in the ICR cell to within a nominal mass-to-charge ratio 

window of width, m/z ≈ 1 [24–25]. ECD experiments were performed at an electron beam 

energy of 12 eV, and 200–500 time-domain transients were digitized and signal-averaged. 

Mass calibration was achieved externally by two-term frequency-to-m/z conversion [26–27] 

from Pierce LTQ ESI Positive Ion Calibration Mix. (Thermo Fisher Scientific, San Jose, 

CA)

14.5 T FT-ICR Mass Spectrometry

Samples were dissolved in 50% acetonitrile, 1% formic acid solution at a final concentration 

of 25 µg /mL and ionized via positive nanoelectrospray at a flow rate of 0.4 nL/min. A 

custom-built 14.5T FT-ICR mass spectrometer with Velos Pro front end (Thermo Fisher 

Scientific, San Jose, CA) provided both broadband and tandem mass spectra. For optimal 

isolation ETD precursor ions at m/z 810.3 were isolated twice progressively, first with a 

width of m/z 2.0 and then m/z 1.5, each centered at slightly different isolation centers. Front-

end electron transfer dissociation (fETD) was performed with 3 ms reaction period and 

resolving power, m/Δm50% ≈ 1,500,000 [28]. Mass calibration was performed as for the 9.4 

T experiments.

Spectra Analysis and Annotation

Custom software was used to identify variants in the UniProt on-line protein database [29]. 

Briefly, for each proteoform candidate, the possible fragment ions were enumerated and 

their natural abundance isotopic distributions calculated. The spectra were then compared to 
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the most abundant peak of the isotopic distribution for each fragment ion within 3 ppm mass 

error. Neighboring members of the same isotopic distribution were also compared within 1.5 

ppm error relative to the most abundant in order to verify the proper charge state and 

reasonable isotopic distribution. The peak-picking threshold is 10σ of baseline noise. The 

abundances of identified fragment ions were added together as the Objective Function to 

determine the quality of the assignment for each proteoform candidate. Assigned fragment 

ions were later verified manually for the MS/MS product ions.

Results and Discussion

Proteoform Identification.

For each histone fraction collected from the LC-separation (Supplementary Material Figure 

S1), a high-resolution mass spectrum was collected for accurate intact protein mass 

measurement (Figure 2A). Each isotopic distribution may contain one or a few histone 

proteoforms. Because stored waveform inverse Fourier transform (SWIFT) was applied after 

quadrupole isolation, each MS/MS precursor was limited to only one isotopic distribution 

and therefore interference was eliminated from neighboring distribution(s) in the MS/MS 

product ion spectrum (Figure 2B).

Figure 1 shows the sequence similarity for canonical histones H2A and H2B. There are 16 

possible single amino acid variant sites for histone H2A and 14 sites for histone H2B, 

providing critical checkpoints for proteoform identification. All MS/MS product ion spectra 

were searched against the Uniprot histone H2A/H2B sequence database [29] to identify each 

proteoform, with consideration of possible PTMs and their combinations. A proteoform was 

identified according to two criteria: A) The intact protein mass was within 3 ppm mass error 

tolerance window of the calculated value, except if two or more proteoforms with small 

mass differences overlapped and were unresolved in the broadband mass spectrum. 

(Supplementary Material Table S1) B) At least two fragment cleavages were observed 

between any two critical checkpoints that distinguish proteoforms in the MS/MS product ion 

mass spectrum, except for the adjacent checkpoints or the checkpoints near a terminus. In 

case three or more proteoforms co-existed in the same MS/MS product ion spectrum, more 

careful data interpretation is needed as explained below.

Single charge state segments of the broadband spectra for histone fractions H2A-1, H2A-2a, 

H2A-2b, and H2B are shown in Figure 3. The molecular weight for the highest magnitude 

isotopic peak from the most abundant isotopic distribution in the mass spectrum of H2A-1 

was 14005.88 Da, which matches only proteoform H2A2A-Nαac (i.e., N-terminally 

acetylated H2A2A) within ±3 Da mass error tolerance when searched against all possible 

proteoforms. We chose the large ±3 Da window to prevent elimination of possible low-

abundance proteoform candidates when they co-exist with more abundant proteoforms but 

exhibit slightly different mass and thus are unresolved in the broadband mass spectrum. The 

ECD MS/MS product ion spectrum matched the same proteoform assignment with 80% 

sequence coverage and thus met the second criterion. (Supplementary Material Figure S2). 

Also, the calculated mass of proteoform H2A2A-Nαac was within 3 ppm mass tolerance 

relative to the experimental value and met the first criterion.

Dang et al. Page 5

J Proteome Res. Author manuscript; available in PMC 2018 November 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



If two or more proteoforms were present in the same isotopic distribution, (e.g., the most 

abundant isotopic distribution from H2B), the 3 ppm error rule was not applied to the minor 

proteoforms because accurate mass measurement is compromised by interference from the 

more abundant proteoforms. However, the second criterion assures the confidence of the 

assignment using this strategy. We identified 10 proteoforms: H2A.V, H2A.Z, H2A2A-Nα-

ac, H2A2C-Nα-ac, H2A1-Nα-ac, H2A1B-Nα-ac, H2A1C-Nα-ac, H2A1D-Nα-ac, H2A1J-

Nα-ac, and H2A1H-Nα-ac for histone H2A from HeLa. H2A1B-Nα-ac and H2A1D-Nα-ac 

were found in both histone H2A fractions 2a and 2b, because those fractions were not 

baseline-resolved. Nine proteoforms were identified: H2B1K, H2B1C, H2B1J, H2B1O, 

H2B1N, H2B2E, H2B2F, H2B1D, and H2B1B for histone H2B from HeLa. No PTMs were 

detected in any of the H2B variants. This is in concordance with a previous study by the 

Kelleher lab of histone H2B in HeLa [21].

MS/MS sequence coverage is typically reported either (A) as the percentage of cleavage 

sites, and (B) the percentage of cleavage fragments. A cleavage site is the chemical bond 

between any two adjacent amino acids that can break during MS/MS experiments. The 

number of possible cleavage sites of a protein is one less than the number of amino acid in 

the sequence. Most software calculates the type A coverage, which focuses more on how 

many sites are missing in the MS/MS experiments. However, type B coverage better 

represents top-down proteomics, because a protein is most reliably identified if both 

complementary fragment ions are confirmed. For example, when 2 proteoforms that differ 

only at one amino acid residue (H2A1-Nαac and H2A1D-Nαac) are assigned to the same 

MS/MS product ion spectrum (the m/z 876 isotopic distribution from fraction H2A2b), the 

type A coverage for both proteoform is the same (80%). However, H2A1-Nαac yielded a 

much higher type B coverage (63% compared to H2B1D’s 43%). Also, only H2A1-Nα-ac 

was within the 3 ppm mass error limit (see Supplementary Material Figure S3).

3-level Relative Quantitation.

Label-free relative quantitation for histones H2A and H2B was carried out at three levels 

(Figure 4). The first level was based on the RP-HPLC chromatogram (not shown in Figure 

4). Histone H2A eluted as 3 fractions from the RP-HPLC: H2A-1, H2A-2a, and H2A-2b, 

whereas H2A-2a and H2A-2b were not baseline-resolved. We used normalized UV 

absorption peak areas to represent the relative amount of protein in each peak under the 

assumption that each sequence variant exhibits the same molar absorptivity--a valid 

approximation due to their high sequence similarity. Histone H2B appeared in only one 

fraction; therefore, no LC-level quantitation was applied.

The next level was based on the intact protein broadband mass spectra. As shown in Figure 

3D, 5 isotopic distributions were above 5% in relative abundance, and each contained one or 

a few proteoforms. They were weighted based on their normalized mass spectral peak 

heights (Figure 2E). If more than one proteoforms were observed in a given isotopic 

distribution, the peak height was then considered as the sum of all unresolved variants and 

their contributions were further weighted based on MS/MS assignments.

ECD MS/MS fragment ions were used to quantitate co-isolated variants. For example, the 

isotopic distribution centered at m/z 812 contained 3 proteoforms (H2B1N, H2B2E, and 
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H2B2F), each with unique c4-c38 ions. The ratios of those c ions thus represent the relative 

abundances of their precursor proteins (Figure 3D).

Advantages of High Resolving Power.

High mass resolving power and high mass accuracy enable accurate intact protein mass 

measurement and validate proteoform assignments (Supplementary Material Table S1). 

Moreover, resolving power is crucial for identifying highly similar proteoforms. Three 

sequence variants were identified from the isotopic distribution centered at m/z 811 in 

Figure 3D by the two previously described criteria: H2B1C, H2B1J, and H2B1O. H2B1C 

and H2B1O are structural isomers (13775 Da) and H2B1J (13773 Da) is 2 Da lighter (O vs. 

CH2) but could not be resolved from the others in the broadband mass spectrum due to its 

low abundance. If 3 or more proteoforms co-exist in the same isotopic distribution, we look 

further for critical fragments (i.e., fragments unique to only one of the proteoforms) to 

confirm the presence of each proteoform [30]. In this case, H2B1C would constitute a false 

positive. Fortunately, the ultrahigh resolving power of FT-ICR MS and MS/MS enables 

confident verification of the co-existence of all 3 proteoforms.

H2B1O, H2B1C, and H2B1J differ at 3 sites: 2, 39, and 124 (Figure 4A). As a result, 

H2B1C yields c3-c38 ions (shown in orange) identical to H2B1J and z3-z86 ions (also 

shown in orange) identical to H2B1O. H2B1C also has c39-c129 ions (shown in purple) 

isomeric with H2B1O and thus indistinguishable by MS/MS. Therefore, only z87-z124 ions 

are critical fragments for this group and are essential to verify the existence of all 3 

proteoforms. In this region, z ions from H2B1O are 14 Da heavier than those from H2B1C 

and 16 Da heavier than those from H2B1J, and thus easily identified. However, z ions from 

H2B1C are only 2 Da heavier than those from H2B1J. (16O vs 12C1H2). Because of these 

are interlaced isotopic distributions, the separation between 2 peaks in the MS/MS product 

ion spectrum is only 27.4 mDa (16O12C vs. 13C2
1H2). With the ultrahigh resolving power of 

our 14.5 T FT-ICR instrument, we successfully resolved z90 ions of H2B1J from H2B1C 

(Figure 4B) and thereby confirmed the existence of both proteoforms. Z90 ions from H2B1C 

are 2 Da heavier and three times more abundant. If the ions from the two peaks at m/z 
993.83 were equally abundant, the minimum mass resolving power to barely resolve them 

would be 360,000 at m/z 1000, which is equivalent to ~1M resolving power at m/z 400. 

However, in this sample, H2B1C was ~3 times as abundant as H2B1J, so that even higher 

resolving power is required.

However, there were not enough critical peaks to confidently show statistical significance for 

the quantification of histones H2B1C, H2B1J, and H2B1O. Therefore, we also calculated 

the ratios of their non-critical fragments (Figure 4D). Note the significant discontinuity at 

amino acid 39 in the graph, due to the presence of H2B1C: before AA39 the ratio is between 

the sum of H2B1C and H2B1J to H2B1O and after AA39 the ratio is between H2B1J and 

the sum of H2B1C and H2B1O. We were thus able to derive relative abundance ratios by 

solving the system of equations: H2B1J + H2B1C = 5.75 × H2B1O and 0.257 × (H2B1O

+H2B1C) = H2B1J. The relative abundances of H2B1C:H2B1J:H2B1O were calculated to 

be 3.2:1.0:0.72, which match the numbers derived from the resolved critical peaks in Figure 

4B.
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Relative Quantitation of Histone H2A/H2B Variants from 4 Different Cell Lines.

We proceeded to apply the same method to human embryonic stem cells (WA09), U937 cell 

line, and a prostate cancer cell line LaZ. The results are summarized in Figure 5. 16 

proteoforms from 12 sequence variants of histone H2A and 10 proteoforms of histone H2B 

were identified and relatively quantitated by a combination of RP-HPLC, high-resolution 

FT-ICR MS, and top-down FT-ICR MS/MS. Histone H2A2A and H2A1 are the most 

abundant variants for all four cell lines and contribute to more than 50% of all histone H2A. 

Some variants, such as H2A2A, H2A1D, H2A2C do not vary much across cell lines whereas 

others show great diversity, such as H2A.Z, H2A.V, H2A1J, and H2A1H. Note that H2A 

variant H2A1H (both H2A1H_Nαac and H2A1H_NαacK5ac) is much more abundant in 

stem cells than in the other three cell lines. Stem cells in general exhibit a higher abundance 

of lysine 5 (K5) acetylation, which has been previously associated with transcriptional 

activation [31]. U937 cells are more heavily phosphorylated at serine 1 (S1). S1 

phosphorylation in canonical histone H2A has been proven to relate to transcription 

repression [32]. We identified S1 phosphorylation in both H2A2A and H2A1, and they 

exhibit a similar percentage of phosphorylation. Our top-down method is capable of 

studying the sequence-dependence of individual PTMs, a phenomenon we have observed 

previously; however, in this case these analogous phosphorylation sites behave identically. 

Histone H2B variant abundances varied markedly across the four cell lines, and only variant 

H2B2F abundance was conserved across all of the cell lines. There is limited knowledge of 

the function of different H2B variants generally. For example, the Dulac lab discovered that 

histone H2B variant H2BE affects olfactory function in mice [10]. However, the functions of 

H2B variants are not clear in humans. Our top-down method provides a path to 

understanding the biological function of both canonical H2A and H2B variants.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Sequence variants of human HeLa histone H2A (top) and H2B (bottom). (www.uniprot.org) 

Variants in bold have been previously identified in HeLa cells. (www.uniprot.org)
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Figure 2. 
Work flow for the identification and relative quantitation of histone H2B proteoforms from 

HeLa cells. A) Intact protein mass spectral segment for the 17+ charge state. Each isotopic 

distribution may present more than one H2B proteoform. B) Precursor ions of interest were 

isolated by an external quadrupole mass filter followed by in-cell SWIFT mass-selective 

excitation to within a nominal m/z range of ~1. C) Representative electron capture 

dissociation (ECD) product ion spectrum. Fragments are assigned based on a custom-input 

proteoform database by our custom software without prior deconvolution. Proteoform 

identification was then confirmed manually. D) Relative abundance ratios for corresponding 

fragments of different proteoforms from a given isolated precursor. E) Partial results of 

relative quantitation of histone H2B proteoforms.
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Figure 3. 
ESI 9.4 T FT-ICR mass spectral segments from histone fractions H2A1, H2A2a, H2A2b, 

and H2B from asynchronous HeLa cells. Proteoforms identified by ECD MS/MS are 

labeled. Because H2A fraction 2a (containing 2 major proteoforms) and H2A fraction 2b 

(containing 5 major proteoforms) were not baseline-resolved by RP-HPLC, proteoform 

H2A1D Nα-ac and H2A2B Nα-ac are present in both fractions.
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Figure 4. 
A) Sequences and putative ECD fragments for H2B1C, H2B1J, and H2B1O. Because of 

very small mass differences (~2 Da), these species will be isolated and fragmented together. 

Segments in orange or purple represent regions for which ECD fragments are identical in 

mass for 2 proteoforms. These three species yield unique fragments (segments in light blue, 

dark blue, and gray) only in the region z87-z124.

B) Mass spectral segment for the z90 10+ ions of H2B1C and H2B1J to show the resolving 

power required for performing reliable top-down ECD MS/MS. The mass difference 

between H2B1C-z90 and H2B1J-z90 is the difference between 16O and 12C1H2 (1.97926 

Da) and the split at m/z 993.83 is due to the small mass difference between 16O12C2and 
13C2

12C1H2 (27.4 mDa). Note that the minimum required resolving power at m/z 1,000 is 

360,000.

C) Mass scale-expanded segment, showing the narrow split at m/z 993.83 between 16O12C2 

and 13C2
12C1H2 (27.4 mDa).

CD) Abundance ratio for the c ions (orange crosses) or z ions (blue squares) generated from 

H2B1C, H2B1J, or H2B1O for the m/z 811 precursor from HeLa cells. The ratio for the c-

ion and z-ion series spanning AA1 to AA38 represents the ratio between the sum of H2B1C 

and H2B1J to H2B1O, whereas those in the range of AA39 to AA125 reflect the ratio 
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between H2B1J and the sum of H2B1C and H2B1O. From the expressions at bottom left, 

the relative abundances of H2B1C, H2B1J, and H2B1O were calculated to be 3.2:1.0:0.82, 

in agreement with the numbers derived from the resolved peaks in Figure 4B.
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Figure 5. 
Relative abundances of histones H2A (top) and H2B (bottom) variants for HeLa cells, 

human embryonic stem cell line (WA09), U937 cell line, and prostate cancer cell line LaZ.
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