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To facilitate accurate histone variant and post-transla-
tional modification (PTM) quantification via mass spec-
trometry, we present a library of 93 synthetic peptides
using Protein-Aqua™ technology. The library contains 55
peptides representing different modified forms from his-
tone H3 peptides, 23 peptides representing H4 peptides, 5
peptides representing canonical H2A peptides, 8 peptides
representing H2A.Z peptides, and peptides for both
macroH2A and H2A.X. The PTMs on these peptides in-
clude lysine mono- (me1), di- (me2), and tri-methylation
(me3); lysine acetylation; arginine me1; serine/threonine
phosphorylation; and N-terminal acetylation. The library
was subjected to chemical derivatization with propionic
anhydride, a widely employed protocol for histone peptide
quantification. Subsequently, the detection efficiencies
were quantified using mass spectrometry extracted ion
chromatograms. The library yields a wide spectrum of
detection efficiencies, with more than 1700-fold differ-
ence between the peptides with the lowest and highest
efficiencies. In this paper, we describe the impact of dif-
ferent modifications on peptide detection efficiencies and
provide a resource to correct for detection biases among
the 93 histone peptides. In brief, there is no correlation
between detection efficiency and molecular weight, hy-
drophobicity, basicity, or modification type. The same
types of modifications may have very different effects on
detection efficiencies depending on their positions within

a peptide. We also observed antagonistic effects between
modifications. In a study of mouse trophoblast stem cells,
we utilized the detection efficiencies of the peptide library
to correct for histone PTM/variant quantification. For
most histone peptides examined, the corrected data did
not change the biological conclusions but did alter the
relative abundance of these peptides. For a low-abundant
histone H2A variant, macroH2A, the corrected data led to
a different conclusion than the uncorrected data. The
peptide library and detection efficiencies presented here
may serve as a resource to facilitate studies in the epige-
netics and proteomics fields. Molecular & Cellular Pro-
teomics 13: 10.1074/mcp.O113.036459, 2450–2466, 2014.

In eukaryotes, histones package and order DNA into nucleo-
somes. Histones are critical for the structural organization and
transcriptional activities of chromatin. These proteins are highly
conserved in eukaryotes, but they have very dynamic functions
and are subject to many different regulatory mechanisms (1).
One of the major mechanisms is enacted via the use of different
histone variants and post-translational modifications (PTMs).1

Over the past two decades, accumulating evidence has sug-
gested that levels and PTM compositions of many histone vari-
ants play important roles in cellular processes and human dis-
eases. There are increasing needs for the precise quantification
of histone variants and PTMs in biomedical studies. Mass spec-
trometry (MS) has proved to be a robust and powerful tool for
analyzing histones, as it can be used to simultaneously identify
and quantify histone variants and PTMs (2).

Histones are rich in basic residues and can be highly mod-
ified, resulting in an abundance of different isoforms. As an
example, the H3 N-terminal tail carries more than two dozen
residues that may be modified (3). Many histone lysine resi-
dues can be acetylated or mono-, di-, or tri-methylated. These
features make histone analysis challenging for the analytical
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chemistry field. To overcome these challenges, we previ-
ously developed an efficient chemical derivatization method
for histone peptides that utilizes propionic anhydride to
react with the primary amine on lysine residues (4, 5). This
method has been adopted by research groups worldwide
(6–17) and enables the production of (i) tryptic peptides of a
reasonable length appropriate for mass spectrometry, (ii)
increased hydrophobicity of histone peptides to obtain bet-
ter separation and retention on reverse phase (RP) HPLC
columns, and (iii) improved fragmentation of lesser charged
histone peptides.

Our protocol of chemical derivatization combined with high-
resolution bottom-up nano-LC-MS/MS has been highly refer-
enced in the literature (6–17). In the majority of these studies,
a relative abundance strategy was applied (8, 13, 14, 18, 19):
histones were extracted from two or more biological samples
and processed in parallel. The relative percentage, rather than
the absolute amount of one or more particular histone PTMs,
is quantified and compared. For a given histone peptide with
multiple isoforms, including the unmodified peptide and the
peptide with various PTMs and combinations of PTMs, the
raw abundance of each isoform is quantified using each MS
extracted ion chromatogram. The relative percentage of a
specific isoform of the same peptide is calculated from the
raw abundance of this particular isoform over the sum of all
possible forms. This strategy eliminates systematic bias
caused by sample preparation or instrumentation. Further-
more, stable isotope labeling in cell culture or at the chemical
derivazation step may be introduced to enable more precise
quantification (5). However, this strategy cannot eliminate the
bias in the peptide detection efficiency in bottom-up MS. A
well-known example of this bias is that phosphorylated pep-
tides generally have lower detection efficiencies than their
unphosphorylated counterparts, as recently systematically il-
lustrated by Kuster and colleagues (20). This bias would po-
tentially cause problems in the interpretation of histone PTM
data, especially when there is a need for absolute quantifica-
tion. It would also cause a problem for relative quantifica-
tions—because the data are normalized to the total signal
from all isoforms of a peptide (8, 13, 14, 18, 19), bias in
quantification of one particular form would affect all the other
forms. To overcome these issues, we present here a library of
93 synthetic histone peptides and comprehensive analyses of
these peptides using bottom-up nano-LC-MS/MS and cor-
rection factors generated through normalization of their de-
tection efficiencies. We hope these data will become a useful
resource for improved accurate quantitative analyses of his-
tone proteins.

EXPERIMENTAL PROCEDURES

Synthetic Peptide Preparation—Ninety-three synthetic peptides
representing various histone tryptic peptides were synthesized via
Cell Signaling Technology® Protein-Aqua™ (Table I). As previously
described (21–23), these peptides were purified by means of RP-
HPLC and analyzed via MALDI-TOF-MS and nanospray tandem MS.

The peptide concentration was measured via amino acid analysis.
The stock solution was 25 pmol/�l for all peptides. For each sample
preparation, equal amounts (5 �l) of each peptide were mixed and
aliquoted, resulting in a concentration of 0.27 pmol/�l (25/93 � 0.27)
for each peptide. For each sample preparation, 50 to 100 �l of the
mixture were subjected to two rounds of propionylation as previously
described (5). Samples were then desalted by C18-based STAGE tips
and injected onto an online nano-LC-MS setup as described in Ref. 5.

Nano–Liquid Chromatography Electrospray Ionization Tandem
Mass Spectrometry—The samples were loaded onto one of the three
instrument setups shown in Table II, all at 300 nL/min. Histone pep-
tides were resolved on a two-step gradient from 2% acetonitrile to
30% acetonitrile in 0.1% formic acid over 40 min, then from 30%
acetonitrile to 95% acetonitrile in 0.1% formic acid over 20 min. The
mass spectrometers were operated in the data-dependent mode with
dynamic exclusion enabled (repeat count: 1; exclusion duration: 0.5
min). MS instrument methods were set up as previously reported (2).
Settings for resolution, automatic gain control, and normalized colli-
sion energy are listed in Table II. Every cycle, one full MS scan (m/z
290 to 1600) was collected, followed by 10 MS/MS scans using either
high-energy C-trap dissociation or collision-induced dissociation in
the ion trap (Table II). All isolation windows were set at 2.0 m/z. Ions
with a charge state of 1 and a rejection list of common contaminant
ions (including keratin, trypsin, and BSA) (exclusion width � 10 ppm)
were excluded from MS/MS.

MS2 Spectra Extraction—MS2 spectra of 93 synthetic peptides
(supplemental Fig. S1) were produced using a modified version of X!
Tandem (version Sledgehammer 2013.09.01.1) (24) along with the
Trans-Proteomics Pipeline (25). The Lorikeet viewer was used to
generate MS spectra figures (26). Both X! Tandem and the Lorikeet
viewer were enhanced to allow customer-defined amino acid residues
with stable isotope labeling. The search was conducted against an
in-house-generated database including the 17 peptides in the peptide
library (Table I), as well as 17 corresponding decoy sequences. The
mass tolerance for precursor ions was set at 0.007 m/z. Masses of the
heavy residues were supplied to X! Tandem, being defined by other-
wise unused single-letter abbreviations as follows: B for heavy A, J for
heavy G, O for heavy L, U for heavy P, and Z for heavy V. Propiony-
lation (�56.0262 Da) was defined as a static modification on the N
termini and on unmodified and mono-methylated lysine residues.
Other PTMs were defined as dynamic modifications.

Peptide Quantification—A three-step quantification protocol was
conducted. First, the mono-isotopic raw abundance of each peptide
was manually extracted from the Xcalibur Qual Browser, based on the
area underneath extracted ion chromatograms at the full MS level. All
detectable charge states were summed together, typically MH�,
MH2�, MH3�, and MH4�. For examples, please see Ref. 5. Second,
for some co-eluting peptides, isotope masking was observed and
taken into account. The histone H4 4–17, canonical H2A 4–11, and
H2A.Z 1–19 peptide families have isobaric peptides that co-elute
because they carry identical numbers of acetylation groups. In addi-
tion, two co-eluting peptides in the histone H3 27–40 family also have
partial isotope overlap (peptides 41 and 43). To overcome the inter-
ference of neighboring ion isotope envelopes in quantifications, the
raw abundance of peptides 43, 60, 61, 62, 64, 65, 66, 67, 68, 70, 71,
72, 81, 86, 87, 89, and 90 was corrected based on theoretical distri-
butions of naturally occurring heavy isotopes using emass (27) (sup-
plemental Table S1). For instance, histone H4 4–17 peptides that
carry one acetylated lysine (peptides 59–62) co-elute and have se-
quential overlapping isotopic peaks in the mass spectrometer (sup-
plemental Fig. S2). Taking the isotope interference between peptides
60 and 61 as an example, the MH� of peptide 60 is 1545.897, and the
third isotopic peak of this peptide is 1547.911, which overlaps with
peptide 61 (MH� � 1547.910) (Table I). The theoretical abundance of
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peptide 60’s third isotopic peak is 33.7% of the first peak (27) (sup-
plemental Table S1). Therefore, for each individual MS run, we sub-
tracted 33.7% of peptide 60’s raw amount from peptide 61’s raw

amount. Supplemental Fig. S2 demonstrates that isotope correction
was necessary to eliminate the isotope interference effects. Third, in
order to compare the detection efficiencies across all 93 species of

TABLE I
Synthetic peptide sequences and relative quantifications

Peptide
number

CST
product
number

Protein
and peptide

positions

Synthetic peptide
sequence and PTMs

Mass
shift
(Da)

Endogenous peptide
(propionylated)

MH� mass

Synthetic peptide
(propionylated)

MH� mass

Relative
abundance

(%)

1 11188 Histone H3 1–8 ARTKQTAR 8.014 1043.596 1051.610 0.305
2 11189 ARme1TKQTAR 8.014 1057.612 1065.626 0.375
3 11190 Histone H3 3–8 TKQTAR 4.007 816.458 820.465 0.0326
4 11191 TKme1QTAR 4.007 830.474 834.481 0.178
5 11192 TKme2QTAR 4.007 788.463 792.470 0.0018
6 11193 TKme3QTAR 4.007 802.478 806.485 0.0019
7 11194 TphKQTAR 4.007 896.424 900.431 0.0055
8 11195 Histone H3 9–17 KSTGGKAPR 6.014 1069.601 1075.614 0.571
9 11197 Kme1STGGKAPR 6.014 1083.616 1089.630 1.295
10 11198 Kme2STGGKAPR 6.014 1041.606 1047.619 0.303
11 11199 Kme3STGGKAPR 12.021 1055.621 1067.642 0.252
12 11196 KacSTGGKAPR 6.014 1055.584 1061.598 0.314
13 11200 KSTGGKacAPR 9.018 1055.584 1064.602 0.378
14 11201 Kme1STGGKacAPR 6.014 1069.600 1075.614 1.014
15 11202 Kme2STGGKacAPR 6.014 1027.589 1033.603 0.177
16 11203 Kme3STGGKacAPR 10.021 1041.605 1051.625 0.156
17 11204 KacSTGGKacAPR 6.014 1041.568 1047.582 0.276
18 11205 KSphTGGKAPR 6.014 1149.566 1155.580 0.238
19 11206 Kme1SphTGGKAPR 6.014 1163.582 1169.596 0.622
20 11207 Kme2SphTGGKAPR 6.014 1121.571 1127.585 0.204
21 11208 Kme3SphTGGKAPR 6.014 1135.587 1141.600 0.160
22 11209 Histone H3 18–26 KQLATKAAR 7.017 1154.690 1161.707 1.608
23 11211 Kme1QLATKAAR 7.017 1168.705 1175.723 1.210
24 11213 KQLATKme1AAR 11.024 1168.705 1179.730 1.591
25 11210 KacQLATKAAR 7.017 1140.674 1147.691 1.553
26 11212 KQLATKacAAR 15.031 1140.674 1155.705 1.307
27 11214 KacQLATKacAAR 7.017 1126.657 1133.675 1.711
28 11215 Histone H3 27–40 KSAPATGGVKKPHR 6.014 1657.939 1663.953 1.885
29 11217 Kme1SAPATGGVKKPHR 6.014 1671.955 1677.968 2.081
30 11218 Kme2SAPATGGVKKPHR 6.014 1629.944 1635.958 3.201
31 11219 Kme3SAPATGGVKKPHR 10.021 1643.959 1653.980 3.176
32 11216 KacSAPATGGVKKPHR 6.014 1643.923 1649.937 2.305
33 11220 KSAPATGGVKme1KPHR 9.018 1671.955 1680.972 1.870
34 11221 KSAPATGGVKme2KPHR 9.018 1629.944 1638.962 1.678
35 11222 KSAPATGGVKme3KPHR 9.018 1643.959 1652.977 1.762
36 11223 Kme1SAPATGGVKme1KPHR 12.028 1685.970 1697.998 1.377
37 11224 Kme1SAPATGGVKme2KPHR 12.028 1643.959 1655.987 1.377
38 11225 Kme1SAPATGGVKme3KPHR 6.014 1657.975 1663.989 1.670
39 11226 Kme2SAPATGGVKme1KPHR 15.031 1643.959 1658.990 2.288
40 11227 Kme2SAPATGGVKme2KPHR 9.018 1601.949 1610.967 1.619
41 11228 Kme2SAPATGGVKme3KPHR 6.014 1615.964 1621.978 2.119
42 11229 Kme3SAPATGGVKme1KPHR 12.028 1657.975 1670.002 2.840
43 11230 Kme3SAPATGGVKme2KPHR 9.018 1615.964 1624.982 1.653
44 11231 Kme3SAPATGGVKme3KPHR 6.014 1629.979 1635.993 1.746
45 11232 KSphAPATGGVKKPHR 6.014 1737.905 1743.919 1.647
46 11233 Kme1SphAPATGGVKKPHR 6.014 1751.920 1757.934 1.438
47 11234 Kme2SphAPATGGVKKPHR 6.014 1709.910 1715.924 2.894
48 11235 Kme3SphAPATGGVKKPHR 6.014 1723.925 1729.939 2.222
49 11242 Histone H3 41–49 YRPGTVALR 7.017 1088.622 1095.639 0.654
50 11240 Histone H3 54–63 YQKSTELLIR 7.017 1362.763 1369.780 0.217
51 11241 YQKacSTELLIR 7.017 1348.747 1355.764 0.512
52 11236 Histone H3 73–83 EIAQDFKTDLR 7.017 1447.743 1454.760 0.125
53 11237 EIAQDFKme1TDLR 7.017 1461.759 1468.776 0.069
54 11238 EIAQDFKme2TDLR 7.017 1419.748 1426.765 0.548
55 11239 EIAQDFKme3TDLR 7.017 1433.763 1440.781 0.668
56 11243 Histone H4 1–17 acSGRGKGGKGLGKGGAKR 7.017 1837.040 1844.057 1.227
57 11244 acSGRme1GKGGKGLGKGGAKR 7.017 1851.056 1858.073 1.878
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peptides, we took into account multiple isotopes of each peptide. The
higher a peptide’s molecular weight is, the more naturally occurring
heavy isotopes it may have. Because the first quantification step was
based on only the monoisotopic peaks, the quantifications were
biased toward smaller peptides. To correct for this bias, we used
emass (27) to calculate each peptide’s isotope distribution and recal-
culated each peptide’s raw amount based on the isotope-correction
factors presented in supplemental Table S1.

Statistics—All t tests were performed with two tails. For p values
shown in Figs. 4 to 7B and supplemental Tables S5 to S15, pair-wise
p values were calculated. For p values used to generate q values (see
below) and those shown in Figs. 7C to 7H and supplemental Tables
S16 and S17, unpaired p values were calculated.

To correct for multiple testing, we employed the q value method
developed by Storey and colleagues (28, 29). First, p values were
generated using the quantification of each peptide between sample
preparations 1 and 2 (Fig. 2A, supplemental Table S2). Subsequently,
using the R package qvalue, a list of q values were generated based

on the 93 p values, with a false discovery rate of 1% (supplemental
Table S2) (28, 29). The Smoother method was applied. Degrees of
freedom were chosen as 9 based on the best fit of pi0 curves to the
raw data (supplemental Fig. S3).

In order to further assess the contribution of different experimental
conditions to the technical variance, namely, the two sample prepa-
rations and the equipment, we performed a permutation test of un-
supervised hierarchical clustering. Each iteration of hierarchical clus-
tering was performed on a random subsample of 60 (out of 93)
peptides. The result was then compared to results from the known
clusters of samples from either the two sample preparations or the
three different instruments (Q-E, Elite, and Velos). p values were
generated from a 10,000-repetition run.

GRAVY Scores and Isoelectric Points—GRAVY (grand average of
hydropathy) scores of 16 peptides were calculated using an online
GRAVY calculator. The GRAVY score is widely used to measure the
hydrophobicity of peptides and is calculated by summing the hydrop-

TABLE I—contined

Peptide
number

CST
product
number

Protein
and peptide

positions

Synthetic peptide
sequence and PTMs

Mass
shift
(Da)

Endogenous peptide
(propionylated)

MH� mass

Synthetic peptide
(propionylated)

MH� mass

Relative
abundance

(%)

58 11245 Histone H4 4–17 GKGGKGLGKGGAKR 7.017 1550.902 1557.919 1.872
59 11246 GKGGKGLGKGGAKacR 6.008 1536.886 1542.893 1.500
60 11247 GKGGKGLGKacGGAKR 9.011 1536.886 1545.897 1.788
61 11248 GKGGKacGLGKGGAKR 11.024 1536.886 1547.910 1.357
62 11249 GKacGGKGLGKGGAKR 14.028 1536.886 1550.914 1.950
63 11250 GKacGGKGLGKGGAKacR 6.008 1522.869 1528.877 2.011
64 11251 GKGGKacGLGKGGAKacR 7.017 1522.869 1529.887 1.023
65 11252 GKGGKGLGKacGGAKacR 9.011 1522.869 1531.881 1.401
66 11253 GKacGGKGLGKacGGAKR 11.024 1522.869 1533.894 1.431
67 11254 GKGGKacGLGKacGGAKR 13.025 1522.869 1535.894 1.633
68 11255 GKacGGKacGLGKGGAKR 14.028 1522.869 1536.897 1.000
69 11256 GKGGKacGLGKacGGAKacR 6.008 1508.853 1514.861 1.644
70 11257 GKacGGKGLGKacGGAKacR 9.011 1508.853 1517.864 1.317
71 11258 GKacGGKacGLGKGGAKacR 11.024 1508.853 1519.877 1.315
72 11259 GKacGGKacGLGKacGGAKR 14.028 1508.853 1522.881 1.589
73 11260 GKacGGKacGLGKacGGAKacR 7.017 1494.837 1501.854 1.399
74 11261 Histone H4 20–23 KVLR 7.017 627.419 634.436 0.946
75 11262 Kme1VLR 7.017 641.435 648.452 1.412
76 11263 Kme2VLR 7.017 599.424 606.442 0.078
77 11264 Kme3VLR 7.017 613.440 620.457 0.075
78 11265 Histone H4 68–78 DAVTYTEHAKR 6.014 1402.697 1408.710 0.411
79 11274 Canonical histone

H2A 4–11
GKQGGKAR 7.011 969.548 976.559 0.329

80 11275 GKQGGKacAR 7.011 955.532 962.543 0.123
81 11276 GKacQGGKAR 10.015 955.532 965.546 0.070
82 11277 GKacQGGKacAR 7.011 941.516 948.526 0.030
83 11273 Canonical histone

H2A 82–88
HLQLAIR 7.017 906.552 913.570 1.338

84 11278 Histone H2A.Z
1–19

AGGKAGKDSGKAKTKAVSR 6.014 2153.193 2159.207 0.720
85 11279 AGGKacAGKDSGKAKTKAVSR 6.014 2139.177 2145.190 0.754
86 11280 AGGKAGKacDSGKAKTKAVSR 9.018 2139.177 2148.194 0.422
87 11281 AGGKAGKDSGKacAKTKAVSR 12.021 2139.177 2151.198 0.616
88 11282 AGGKAGKacDSGKacAKTKAVSR 6.014 2125.160 2131.174 0.338
89 11283 AGGKacAGKDSGKacAKTKAVSR 9.018 2125.160 2134.178 0.944
90 11284 AGGKacAGKacDSGKAKTKAVSR 12.021 2125.160 2137.182 0.756
91 11285 AGGKacAGKacDSGKacAKTKAVSR 6.014 2111.144 2117.158 0.731
92 11286 Histone

macroH2A 44–55
SAKAGVIFPVGR 6.014 1313.758 1319.772 0.856

93 11287 Histone H2A.X
4–11

GKTGGKAR 7.011 942.537 949.548 0.235

93 histone peptides with various PTMs were synthesized with stable isotope (C13 and N15)-labeled amino acids (underlined in the column
“Synthetic Peptide Sequence and PTMs”). me1, -2, and -3 denote mono-, di-, and tri-methylation; ph, phosphorylation; ac, acetylation. The
peptide number used in Fig. 2 is shown in the first column. Cell Signaling Technology Inc. product numbers are shown in the second column.
The averaged relative abundance in the last column represents the detection efficiencies of these peptides.
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athy values for each amino acid residue and dividing by the length of
the sequence, as defined in Ref. 30.

Isoelectric points were calculated using an online tool, “computer
PI/Mw” from ExPASy Bioinfomatics Resource Portal (31).

Tissue Culture and Histone Processing—Trophoblast stem (TS)
cells were kindly provided by Dr. Marisa S. Bartolomei (University of
Pennsylvania, Perelman School of Medicine). TS cells were cultured
and maintained as previously described (32). In brief, TS cells were
plated onto feeder mouse embryonic fibroblast cells (inactivated by
mitomycin C) supplemented with 0.1% 25 �g/ml FGF4 (Product No.
235-F4, R&D Systems, Minneapolis, MN) and 0.1% 1.5 mg/ml heparin
(Product No. H3393, Sigma) in TS cell media. The TS cell media was
composed of 20% FBS, 1% penicillin (500 U/ml) and streptomycin (5
mg/ml), 1% 200 mM L-glutamine, 1% 100 mM sodium pyruvate and
100 �M �-mercaptoethanol in RPMI 1640 (pH 7.2). To collect mouse
embryonic fibroblast–free TS cells, cells were trypsinized and re-
plated for 45 min. The supernatant was transferred to a new plate for
another 45 min. The new supernatant contained mostly TS cells and
was used for protein analysis. To differentiate TS cells, TS cells were
separated from mouse embryonic fibroblast cells and cultured in TS
cell media without FGF4 and heparin for 5 to 6 days.

Histones were acid extracted from TS cells and processed with two
runs of chemical derivatization, trypsin digestion, and desalting as
previously described (5). For each MS run, 100 fmol of the synthetic
peptide library was mixed with 0.4 to 1 �g of endogenous histone
peptides. Four and three MS runs of undifferentiated and differenti-
ated TS cell histones, respectively, were conducted in Q-Exactive,
using parameters shown in Table II. Endogenous peptide quantifica-
tions were done in the same manner as for the synthetic peptides,
except for isobaric species. As previously illustrated in Ref. 5, we
targeted the m/z for the isobaric peptides and quantified the relative
abundance of their unique b or y ions at the MS/MS level. Subse-
quently we determined the relative abundance at the MS1 level based
on the ratios we obtained.

Endogenous Histone Peptide Quantification and Correction—En-
dogenous histone peptides were quantified using three strategies:
original data, internal-correction using spiked-in heavy peptide stand-
ards, and external correction using detection efficiencies generated
from the 16 independent runs conducted earlier in the study. For each
MS run (see above), the endogenous histone peptides (from TS cells)
and the injected synthetic peptides were manually quantified based
on extracted ion chromatograms. Using the same quantification strat-
egies described above, we quantified using the monoisotopic peak
for each peptide mass and across multiple charge states and cor-

rected for underrepresentation of large peptides (supplemental Ta-
bles S1 and S3). We define the raw abundance of each peptide’s
monoisotopic peak as R and the isotope correction factors as ICF.
For both endogenous (E) and synthetic peptides (Si for internal con-
trols), the abundance of each peptide was achieved by dividing R by
ICF. For external controls (Se), we used the relative abundance values
from Table I, which were calculated using data from the 16 MS runs
presented in Fig. 2.

For a given peptide family or histone variant group, a total number of
N peptides was included in the quantification. The total abundance of
each peptide family was set as 100%, and the relative abundance
of each peptide (j) was normalized to the total abundance. The formulas
used to calculate the three strategies are presented below.

First, for the original data, the relative abundance of each peptide
is calculated as

Ej

�
j�1

N

Ej

(Eq. 1)

Second, for internal corrections, the following formula was
used:

Ej

�Si�j

�
j�1

N Ej

�Si�j

(Eq. 2)

Third, for external corrections, the following formula was
used:

Ej

�Se�j

�
j�1

N Ej

�Se�j

(Eq. 3)

RESULTS

Peptide Library Design—To facilitate the expanding needs
of histone PTM analyses in biomedical studies and to provide

TABLE II
Nano-LC-MS/MS instruments

Mass spectrometer Q Exactive (Q-E) Orbitrap Elite Orbitrap Velos Pro

HPLC Thermo EASY-nLC 1000 Eksigent nanoLC Ultra-2D plus Thermo EASY-nLC 1000
Pre-column Acclaim® PepMap 100

pre-column
75 �m � 2 cm, 3 �m ReproSil-Pur 120

C18-AQ (Dr. Maisch GmbH, Germany)
Analytical column Acclaim® PepMap

RSLC column
75 �m � 15 cm, 1.9 �m ReproSil-Pur

120 C18-AQ (Dr. Maisch GmbH,
Germany)

75 �m � 15 cm, 3 �m ReproSil-Pur 120
C18-AQ (Dr. Maisch GmbH, Germany)

MS resolution 70,000 60,000 60,000
MS automatic gain

control target
1e6 1e6 1e6

MS/MS HCD resolution 17,500 15,000 15,000
MS/MS automatic gain

control target
1e5 HCD, 5e4; CID, 1e4 HCD, 5e4; CID, 3e4

MS/MS normalized
collision energy

35.0 HCD, 37.5; CID, 40.0 HCD, 36.0; CID, 40.0

Listed are three instrument setups and settings for MS runs. For Elite and Velos, both high-energy C-trap dissociation (HCD) and
collision-induced dissociation (CID) were used for MS/MS scans.
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more quantitative histone PTM characterization, we designed
a peptide library standard utilizing the Protein-Aqua™ tech-
nology by Cell Signaling Technology® (Table I). The guiding
principles in the design of the library were to (i) represent the
most biologically important and commonly seen histone
PTMs, (ii) have both unmodified and modified forms of the
same peptide, (iii) make PTMs distinguishable from the en-
dogenous peptides at the MS1 level, and (iv) make PTMs
distinguishable from each other when they have the same
peptide backbone. This study focused on histone proteins
that generate suitable peptides for bottom-up MS after our
chemical derivatization protocol, namely, histone H3, H4, and
H2A variants. We included the following modifications in the
library: lysine mono-, di-, and tri-methylation (me1, me2, and
me3); lysine acetylation (ac); arginine me1; threonine phos-
phorylation (ph); serine ph; and N-terminal acetylation (Nac).
93 synthetic peptides were designed, including 55 peptides
representing different forms of eight histone H3 peptides,
23 peptides representing four histone H4 peptides, 5 pep-
tides representing two canonical histone H2A peptides, 8
peptides representing one histone H2A.Z peptide, and one
peptide each for histone macroH2A and H2A.X. Each peptide
had one to three C13- and N15-labeled amino acid residues
(G, A, P, V, and L) (Table I), making these peptides at least 4
Da heavier than the endogenous peptides. For the same
peptide family (peptides that have the same backbone but
different PTMs), different combinations of heavy residues
were used for each individual peptide.

An example of the peptide design is given in Fig. 1. The
histone H4 4–17 peptide contains four lysine residues that
may be acetylated. Multiple acetylation has been observed in
many different organisms in vivo and is strongly correlated
with active transcription (33, 34). Fig. 1A shows endogenous
histone H4 4–17 peptides from mouse TS cells: unmodified
peptide (Unmod), one-ac, two-ac, three-ac, and four-ac.
These peptides were extracted and processed based on our
standard bottom-up MS protocol (5). Acetylation on lysine
residues blocks the chemical derivatization with propionic
anhydride; therefore the more acetylations a peptide has, the
lighter and more hydrophilic it is (5). Taking the one-ac pop-
ulation as an example, it contains four different forms: acety-
lation on K5, K8, K12, or K16. These isobaric peptides have
very close retention times in RP-HPLC and can be distin-
guished only by their MS2 spectra. Fig. 1B shows 16 synthetic
peptides of the histone H4 4–17 family, all having distinct m/z
values due to different designs of heavy residues (Table I,
peptides 58–73). The one-ac peptides are highlighted in dif-
ferent colors. Fig. 1C shows a mixture of endogenous and
synthetic peptides. We can accurately differentiate and quan-
tify all five forms of one-ac peptides (see below). To be noted,
K16ac has a very small delay in elution relative to K5/K8/
K12ac (Fig. 1B), and the endogenous one-ac peptide peak is
wider than those of the individual synthetic peptides, possibly
because of the co-eluting isoforms (Fig. 1C).

Reproducible Technical Replicates among Two Sample
Preparations and Three Instruments—All 93 peptides were
mixed at the same concentration and chemically derivatized
with propionic anhydride following our standard bottom-up
MS approach (5). To achieve an optimized peptide injection
amount, we tested a range of injection amounts from 20 fmol
to 100 fmol per peptide on the Q-Exactive. Results showed
that 50-fmol and 100-fmol injections gave stable and similar
quantifications, whereas runs with an injection amount of less
than 50 fmol did not (supplemental Fig. S4). This was further
confirmed by runs conducted on two other instruments using
up to 150 fmol of sample (Fig. 2). A very similar optimal
peptide standard injection amount was obtained in another
recent study (35). Moreover, when we injected these peptides
as internal controls with endogenous histone peptides, 100
fmol of the synthetic peptide mixture was approximately
equivalent to our optimal endogenous histone concentration
(0.4 to 1 �g) (Fig. 1C). Therefore, we decided to focus on this
concentration range in our analyses.

To ensure the reproducibility of our experimental proce-
dures, two batches of peptides were prepared and processed
independently by two researchers (sample preparations 1 and
2). The library does not contain any overlapping monoisotopic
m/z values among peptides that may co-elute; therefore we
can easily extract the raw abundance of each peptide by
measuring the peak area in the MS chromatogram. A total of
16 runs with injection amounts from 50 to 150 fmol were
conducted on three different mass spectrometers (“Experi-
mental Procedures” and Fig. 2). Figs. 2A and 2B show heat
maps representing relative abundances of 93 peptides in
each run and a comparison between sample preparations 1
and 2, as well as among the three instruments. We do not
observe significant variation between the two sample prepa-
rations, measured by q values with a false discovery rate of
0.01 (Fig. 2A, supplemental Table S2, supplemental Fig. S3)
(28, 29). Additionally, with a null hypothesis that all runs were
the same between the two sample preparations, we per-
formed a permutation test of unsupervised hierarchical clus-
tering. Each iteration of hierarchical clustering was performed
on a random subsample of 60 (out of 93) peptides. The result
was then compared against those from the two known clus-
ters (sample preparation 1 versus 2). We asked how likely it
was for the data to cluster non-randomly into the two clusters
over 10,000 repetitions. Proper clustering did not occur sig-
nificantly, and we obtained a p value of 0.0843. This test
further supports the result that no significant difference was
generated by the two independent sample preparations (Fig.
2A). After combining data from both sample preparations, we
also accessed the contribution of the instruments to the tech-
nical variance by means of unsupervised hierarchical cluster-
ing. For a strict test, we asked how likely it was for the data to
cluster non-randomly into the three known clusters along the
different instrument setups (Q-E, Elite, and Velos) over 10,000
repetitions. Proper clustering did not occur in most of the

Heavy Peptide Library for Histone Quantification

Molecular & Cellular Proteomics 13.9 2455

http://www.mcponline.org/cgi/content/full/O113.036459/DC1
http://www.mcponline.org/cgi/content/full/O113.036459/DC1
http://www.mcponline.org/cgi/content/full/O113.036459/DC1


768 770 772 774 776 778
m/z

0

10

20

30

40

50

60

70

80

90

100

R
el

at
iv

e 
A

bu
nd

an
ce

775.957

768.946

776.458769.448

774.458773.452

769.949 776.959771.950

777.460770.451
777.961

m/z
768 769 770 771 772 773

0

10

20

30

40

50

60

70

80

90

100

R
el

at
iv

e 
Ab

un
da

nc
e

768.946

769.448

769.949

770.451
770.952 771.451 772.448

A

C

Endogenous histone H4 4-17 GKGGKGLGKGGAKR

Unmod

one-ac

two-ac

three-ac

four-ac

30 32 34 36 38
Time (min)

0

50

100
0

50

100
0

50

100
0

50

100
0

50

100 775.953

768.946

761.939

754.931

747.923

R
el

at
iv

e 
Ab

un
da

nc
e

Endogenous & synthetic peptide mixture

Endogenous one-ac

K16ac

K12ac

K8ac

K5ac

26 27 28 29 30
Time (min)

0

50

100
0

50

100
0

50

100
0

50

100
0

50

100 768.946

771.949

773.452

774.457

775.959

775.963

R
el

at
iv

e 
Ab

un
da

nc
e

B Synthetic histone H4 4-17 GKGGKGLGKGGAKR

772 774 776 778
m/z

0

10

20

30

40

50

60

70

80

90

100

R
el

at
iv

e 
Ab

un
da

nc
e

775.960

774.458773.453

776.462

774.960771.951

772.452

776.964

777.465

0

100
0

100
0

100
0

100
0

100
0

100
0

100
0

100 779.463

771.949

773.451

774.458

775.961

764.942

765.444

766.445

30 32 34 36
Time (min)

0

100
0

100
0

100
0

100
0

100

R
el

at
iv

e 
Ab

un
da

nc
e

0

100
0

100
0

100 767.451

768.451

768.953

757.934

759.437

760.443

761.944

751.431

Unmod

K5acK16ac

K8acK16ac

K12acK16ac

K5acK12ac

K8acK12ac

K5acK8ac

K8acK12acK16ac

K5acK12acK16ac

K5acK8acK16ac

K5acK8acK12ac

four-ac

GKGGKGLGKGGAKacR

GKGGKacGLGKGGAKR

GKGGKGLGKacGGAKR

GKacGGKGLGKGGAKR

FIG. 1. Effective separation between
endogenous and synthetic histone
peptides. Shown are MS1 chromato-
grams and corresponding averaged iso-
tope distribution of histone H4 4–17
peptides from three runs: (A) endoge-
nous histone peptides only, (B) synthetic
peptides only, and (C) a mixture of en-
dogenous and synthetic peptides. The
(M�2H)2� ions are shown. The one-ac
population is highlighted with various
colors: endogenous one-ac in maroon,
synthetic K16ac in green, synthetic
K12ac in navy, synthetic K8ac in olive,
and synthetic K5ac in purple. A, the
one-ac peak includes four populations
(K5/K8/K12/K16 ac) that cannot be sep-
arated by standard RP-HPLC. B, the four
one-ac synthetic peptides contain differ-
ent C13 and N15 labeled residues (high-
lighted in red) and therefore are distin-
guishable from each other at the MS1
level. Because all of these peptides co-
elute, some overlap of isotopes was ob-
served (right panel). This can be easily
corrected at the peptide quantification
step (see “Experimental Procedures”
and supplemental Table S1). C, approx-
imately 400 ng of endogenous histone
peptides were mixed with 100 fmol of
synthetic peptide library. The MS1 chro-
matograms of five m/z representing the
endogenous one-ac peptides and four
heavy peptides are shown.
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FIG. 2. Reproducibility between two sample preparations and across three instrument setups. A, B, heat-maps showing 16 MS runs.
The relative abundance of each of the 93 peptides in each individual MS run is shown in each column (blue: low abundance; red: high
abundance). The sum of all 93 peptides was set to be 100%. Arrowheads show the solution percentage of all peptides (100%/93 � 1.08%).
The injection amount is noted at the bottom of each heat-map. A, heat-map representing reproducibility between two sample preparations
(prep). Nine runs from sample prep #1 and seven runs from sample prep #2 are shown. No significant differences between the two sample
preparations were seen (false discovery rate � 0.01, pi0 � 0.850, all q values � 0.01; supplemental Fig. S3, supplemental Table S2) (28, 29).
B, heat-map representing similarity among three MS instrument setups: Q-E (Q-Exactive coupled with EASY-nLC 1000), Elite (Orbitrap Elite
couple with Eksigent nanoLC Ultra-2D plus), and Velos (Orbitrap Velos Pro coupled with EASY-nLC 1000). C, large detection efficiency
variation across the 93 peptides. Bar graph showing relative peptide abundance averaged from all 16 runs. The error bars represent standard
error. The red line shows the calculated solution amount of all peptides (1.08%). All peptides are listed in Table I.
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repetitions, and we got a p value of 0.9929. For a less strict
test, we asked how often any two of the three groups clus-
tered correctly, and we obtained a p value of 0.4943. These
results indicate that technical replicates from different ma-
chines are not significantly different. This is illustrated by the
heat maps in Fig. 2B.

Wide-spread Dynamic Differences in Detection Efficien-
cies—We observed a large dynamic range in relative abun-
dance across 93 peptides in each individual MS run, even
though all of the peptides were present at the same concen-
tration. The average relative abundance ranged from 0.0018%
to 3.20% (Fig. 2C, Table I), whereas the solution value should
have been 1.08% (100%/93) for each peptide. The averaged
value for the peptide with the highest intensity (peptide 30,
Kme2SAPATGGVKKPHR, histone H3 27–40) was more than
1700-fold as high as the averaged value for the lowest peptide
(5, TKme2QTAR, histone H3 3–8) (Table I). It is well known
that variations in peptide length, primary sequence, and mod-
ifications may all contribute to differences in (i) peptide hydro-
phobicity, (ii) binding affinity with reverse phase resins, (iii)
peptide basicity, and (iv) ionization efficiency at the liquid–gas
interphase, thus resulting in the huge gap observed. In this
study we aimed to describe the observed detection efficien-
cies of histone peptides and to provide quantitative normal-
ization methods based on our quantifications.

The peptide length and primary sequence should be the
major factors contributing to the detection efficiency of the 16
unmodified peptides in our library. Consistent with the general
observations in the field, there was no clear correlation be-
tween peptide molecular weight and detection efficiency in
the mass spectrometer for the size range of peptides in our
study, as illustrated in Fig. 3A. Similarly, neither the GRAVY
scores (30) (Fig. 3B) nor the isoelectric points (Fig. 3C) of
these peptides correlated with the detection efficiency. To
test for any influence of the chemical derivatization on the
detection efficiencies, we also analyzed unpropionylated pep-
tides. Because they are in general more hydrophilic than the
propionylated peptides and are not retained well on C18
columns, we could reliably detect and quantify only 56 pep-
tides (data not shown), 7 of which were unmodified peptides
(28, 49, 50, 52, 78, 83, and 92). Consistent with the propio-
nylated peptides, no correlation was observed between the
peptides’ detection efficiencies and their molecular weight,
GRAVY scores, or isoelectric points (supplemental Fig. S5).

Effects of Modifications on Detection Efficiency—Our li-
brary contains 87 peptides that carry at least one modifica-
tion. To assess whether a particular modification affected the
detection efficiency, we compared each modified peptide to
its unmodified form (Unmod). The total amount of each pep-
tide family was set at 100%, as shown in Figs. 4 to 6. We
observed some trends in how different modifications may
affect the detection efficiency. Surprisingly, the same modifi-
cations had very different effects when added on different
peptides. To be noted, in order to provide relevant information

for biological samples, we focused on derivatized synthetic
peptides in this study. The propionyl groups were mainly
added to primary amine groups, namely, the N termini of
peptides, as well as lysine residues with no modifications or
mono-methylation. Lysine residues that are acetylated or di-
and tri-methylated are not propionylated.

Lysine Acetylation—In our histone peptide library, four pep-
tides (H3 54–63, canonical H2A 4–11, H2A.Z 1–19, and H4
4–17) carry mostly lysine acetylation when they are modified
in vivo. Histone H3 54–63 peptide can be acetylated on K56,
and this modification is related to chromatin assembly and
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FIG. 3. Primary peptide sequence affects the detection effi-
ciency. Relative abundance values of 16 unmodified peptides from
16 MS runs were plotted against the (A) molecular weight (MW), (B)
GRAVY scores (30), and (C) isoelectric points of the peptides. Error
bars represent standard error. The horizontal and vertical lines rep-
resent median values of the relative abundance and MW/GRAVY/
isoelectric point values of these peptides, respectively. R2 values
generated from linear regression of each panel are also shown. No
correlation was observed between the relative abundance and the
three parameters measured.

Heavy Peptide Library for Histone Quantification

2458 Molecular & Cellular Proteomics 13.9

http://www.mcponline.org/cgi/content/full/O113.036459/DC1


DNA damage (36). As shown in Fig. 4A, 70.4% of the signal
came from the acetylated form, which is a 2.4-fold increase
relative to Unmod (p � 0.01). In contrast, when the canonical
histone H2A 4–11 peptide was acetylated on either the K5 or
the K9 position, the detection efficiency was significantly
lower than for Unmod (4.7-fold and 2.7-fold decrease, respec-
tively) (Fig. 4B, supplemental Table S5). The detection effi-
ciency of double acetylation on K5 and K9 was further re-
duced, with an 11.2-fold decrease relative to Unmod (Fig. 4B).

Intriguingly, K5ac and K9ac were also significantly different
from each other (p � 0.01, supplemental Table S5), suggest-
ing a positional effect of lysine acetylation.

Similarly, on histone H2A.Z 1–19 peptides, the position of
the acetylations played an important role in determining the
detection efficiency (Fig. 4C, supplemental Table S6). This
peptide can be acetylated on K4, K7, and K11 in vivo (37, 38).
For the mono-acetylated species, both K7ac and K11ac af-
fected the detection efficiency negatively, showing a 1.6-fold
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FIG. 4. Lysine acetylation on four histone peptides. Bar graphs showing relative abundance of each peptide within its own peptide family
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and 1.1-fold decrease relative to Unmod, respectively. When
two acetylations were present, K4acK11ac and K7acK11ac
had opposite effects: a 1.4-fold increase and a 2.1-fold de-
crease, respectively. When all three lysines were acetylated,
the detection efficiency was not different from that of Unmod
(Fig. 4C, supplemental Table S6). These results suggest that
multiple lysine acetylations on the same peptide may have
antagonistic effects on detection efficiency. Supporting this
idea, when we plotted the relative abundance against the
number of acetylation events (Fig. 4D), only the averaged
one-ac peptide was significantly lower than other species;
Unmod, two-ac, and three-ac were not different from one or
the other (supplemental Table S6).

As previously mentioned, the histone H4 4–17 peptide may
have up to four acetylated lysine residues, and therefore a
total of 16 isoforms have been observed in many biological
models (Figs. 1 and 4E, supplemental Table S7). Our quanti-
fications suggest that K8ac and K16ac had negative effects
on detection efficiency, whereas K5ac and K12ac were not
different from Unmod. Overall the peptides of the H4 4–17
family were more similar to each other (relative standard de-
viation (RSD) � 19.9%) than the other three families shown in
Fig. 4 (RSD � 57.7%, 96.7%, and 30.0%). On this peptide,
acetylations generally reduce detection efficiency (Fig. 4F).
The averaged one-ac, two-ac, three-ac, and four-ac peptides
were all significantly lower than Unmod (1.1-, 1.3-, 1.2-, and
1.3-fold, respectively). This is consistent with a previous ob-
servation in a study by Kelleher and colleagues using a mid-
dle-down approach (39).

Lysine and Arginine Methylation—Both lysine and arginine
residues can be methylated. Lysine has a primary amine that
may be mono-, di-, or tri-methylated (me1, -2, and -3) (40),
whereas arginine can only have me1 or me2 at the terminal
amines (41). Among the three peptides that can have one
methylatable lysine, two distinguishable patterns were ob-
served (Fig. 5A versus Figs. 5B and 5C). The histone H3
73–83 peptide with K79me1 showed a 1.9-fold decreased
relative to Unmod, whereas the levels of K79me2 and -me3
forms were much higher than in Unmod (4.6- and 5.6-fold
increase, respectively) (Fig. 5A, supplemental Table S8). Con-
versely, on two other peptides, histones H4 20–23 and H3
3–8, me1 was higher than in Unmod, whereas me2 and me3
were both lower than in Unmod (Figs. 5B and 5C, supplemen-
tal Tables S9 and S10). Histone H4K20me1 showed a 1.5-fold
increase relative to Unmod. K20me2 and K20me3 had 12.6-
and 13.2-fold decreases, respectively. On H3 3–8, K4me1
was 5.6-fold higher than in Unmod, and K4me2 and K4me3
were 17.6- and 16.3-fold lower than in Unmod, respectively.
In fact, the K4me2 and K4me3 peptides (peptides 5 and 6)
also had the lowest detection efficiencies in the entire peptide
library (Table I).

In contrast to the complicated effects of lysine acetylation
and methylation, Rme1 seemed to positively affect the detec-
tion efficiencies, based on two peptides in our library. On the

histone H3 1–8 peptide, R2me1 showed a 1.2-fold increase
relative to Unmod (Fig. 5D) (p � 0.01), and R3me1 on histone H4
1–17 peptide showed a 1.6-fold increase (Fig. 5E) (p � 0.01).

Threonine and Serine Phosphorylation—As previously men-
tioned, phosphorylation (ph) on T, S, and Y residues usually
has a negative effect on ionization efficiency, which may be
due to (i) the suppressive effect that negative charges on
phosphate groups have on ionization efficiency in positive ion
mode or (ii) low retention of phosphorylated peptides in RP-
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FIG. 5. Lysine methylation and acetylation on five histone pep-
tides. Bar graphs showing relative abundance of each peptide within
its own peptide family. RSD values represent variation within each
peptide family. Error bars represent standard error across 16 MS
runs. The lines across each bar graph show the calculated solution
amount of each peptide. p values were calculated between Unmod
forms of each peptide and the modified forms. A, histone H3 73–83
peptide family with four peptides. B, histone H4 20–23 peptide family
with four peptides. C, histone H3 3–8 peptide family with five pep-
tides, including a phosphorylated form (T3ph). D, histone H3 1–8
peptide family with two peptides. E, histone H4 1–17 peptide family
with two peptides, which are both acetylated on the N termini.
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HPLC resulting from their increased hydrophilicity (42). There-
fore, the negative effects of phosphorylation should be more
pronounced on shorter peptides. Three peptides in our pep-
tide library consistently behaved as predicted. Relative to their
unmodified counterparts, T3ph on histone H3 3–8, S10ph on
H3 9–17, and S28ph on H3 27–40 exhibited 5.9-fold, 2.4-fold,
and 1.1-fold decreases, respectively (Figs. 5C, 6B, and 6C;
supplemental Tables S10, S12, and S13). To be noted, our
chemical derivatization removes positive charges on unmod-
ified lysine residues; therefore, the number of lysine residues
on each peptide would not have as much of an impact on the
overall charge of the peptides.

Peptides with Multiple Modifications—Three peptide fami-
lies of the histone H3 N-terminal tail have multiple residues
that may be modified differently on their own and in combi-
nation. We have included the most commonly seen PTMs on
these peptides in our library.

The H3 18–26 peptide has two lysine residues that can be
mono-methylated or acetylated in vivo (43). In our experi-
ments this peptide exhibited the least variation (RSD �

13.1%) among its different isoforms (Fig. 6A, supplemental
Table S11). K18me1 and K23ac had similar negative effects on

detection efficiency (1.3-fold and 1.2-fold decreases, respec-
tively). It seemed that me1 only had an effect when it was on the
K18 position, whereas ac had an effect on the K23 position. This
observation further supports the idea that the positions of the
PTMs have a great effect on detection efficiency.

The H3 9–17 peptide and 27–40 peptides harbor some of
the most important histone PTMs, including K9me2/3,
K27me2/3, and K36me3, as well as acetylated K9, K14, and
K27. K9me2/3 and K27me2/3 are tightly correlated with het-
erochromatin, genome architecture and stability, gene silenc-
ing, etc. K36me3, K9ac, K14ac, and K27ac are markers indi-
cating active transcription. In addition, S10ph is a mitotic
marker, and both S10ph and S28ph are involved in gene
activation. For review, please see Refs. 40, 44, and 45.

As shown in Fig. 6B and supplemental Table S12, all acety-
lations on the H3 9–17 peptide reduced the signal intensity,
similar to the canonical H2A 4–11 peptide (Fig. 4B). K9ac,
K14ac, and K9acK14ac exhibited 1.8-, 1.5-, and 2.1-fold de-
creases relative to Unmod, respectively. K9acK14ac levels
were also significantly lower than in the singly acetylated
peptides (supplemental Table S12). The methylation profile of
this peptide was similar to those of the H4 20–23 and H3 3–8
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peptides in that K9me1 had the most abundant signal (21.9%,
2.3-fold increase from Unmod), whereas K9me2 and K9me3
were much lower (1.9- and 2.3-fold decreases). Similar patterns
of K9 methylation persisted in combination with K14ac or
S10ph (Fig. 6B, supplemental Table S12). All forms of K14ac
and S10ph showed consistent negative effects on the detection
efficiencies relative to their unmodified counterparts.

Unlike the acetylations on H3 9–17 peptide, which had
reduced intensities, K27ac on histone H3 27–40 peptide was
1.2-fold higher than Unmod (Fig. 6C, supplemental Table
S13). Interestingly, the methylation pattern on this peptide
was different from those of all previously discussed peptides.
All forms of K27 methylation by themselves were significantly
higher than Unmod: me1, 1.1-fold; me2, 1.7-fold; and me3,
1.7-fold. The pattern of K27 methylation (K27me2/3 �

K27me1) was largely maintained when S28 or K36 was
modified, except that K27me3K36me3 was not different
from K27me1K36me3 (supplemental Table S13). Moreover,
K27me1 in combination with any other modifications on S28
and K36 reduced signal intensity (Fig. 6C). For methylation on
K36, only K36me2 showed a decrease of 1.1-fold relative to
Unmod. However, when K36 methylation was coupled with
any form of K27 methylation, it was significantly lower than
the unmodified K36 counterpart (Fig. 6C, supplemental Table
S13). For instance, the K27me2K36me1 isoform was much
lower than the K27me2 isoform. S28ph had similar effects.
These data suggest that combinatorial PTMs on histone H3
27–40 peptide generally lower detection efficiency.

Application of the Synthetic Peptides in Histone and His-
tone PTM Quantification—Our original protocol (5) did not
consider the variations in peptide detection efficiencies. As
mentioned, this might have led to bias in the peptide quanti-
fication and data interpretation. With the synthetic peptide
library available, we employed it to investigate histone variant
and PTM changes during mouse TS cell differentiation. These
cells were derived from the trophoectoderm layer of mouse
embryos 3.5 days post-coitum. During mammalian early de-
velopment, the trophoectoderm lineage develops to vital ex-
traembryonic placenta tissues, and therefore is critical for
embryonic development. TS cells are widely used as a tro-
phoblast model in vitro (46). Similar to embryonic stem cells,
these cells can be differentiated into multiple lineages that
mimic extra-embryonic tissues (47). We mixed endogenous
histone peptides with the synthetic peptide library and ana-
lyzed the histone variants and histone PTMs.

First, we quantified the histone H2A variants in undifferen-
tiated TS cells. Three histone H2A peptide pairs (endogenous
and synthetic) were used: peptide 83 (HLQLAIR) is shared by
the canonical H2A and H2A.Z, peptide 93 (GKTGGKAR)
comes from H2A.X, and peptide 92 (SAKAGVIFPVGR) comes
from macroH2A. As shown in Fig. 7A, the original data were
obtained by quantifying the endogenous peptides in four MS
runs. 91.6% of the signal came from canonical H2A/H2A.Z.
We also quantified the synthetic peptides in the same runs

and used the detection efficiency to correct for the measure-
ment of each individual run. The raw abundance of each
endogenous peptide was adjusted based on the relative de-
tection efficiency of its synthetic counterpart in the same MS
run (“Experimental Procedures”). After the internal correction
(Int_corr), averaged canonical H2A/H2A.Z amounts dropped
to 62.8%, whereas H2A.X increased from 8.0% to 36.8%.
MacroH2A was very low and remained relatively unchanged
(0.37% versus 0.42%). To test whether we could obtain com-
parable corrections using the detection efficiencies obtained
from independent runs, we performed external corrections
(Ext_corr) using data from the 16 runs of just the synthetic
peptides, which were previously presented (Fig. 2 and Table
I). The raw abundance of each H2A variant was corrected
based on the relative detection efficiencies in Table I. Subse-
quently, the relative abundance of each variant was calcu-
lated based on the sum of all corrected H2A variants (set at
100%). The results of Ext_corr were very similar to those of
Int_corr: 66.5%, 33.1%, and 0.42% for canonical H2A/H2A.X,
H2AX, and macroH2A, respectively (Fig. 7A, supplemental
Table S14). The corrections enabled us to accurately measure
and compare the histone H2A variants.

We measured histone PTMs using the same method. Tak-
ing histone H4 K20 methylation as an example, we quantified
both endogenous and synthetic H4 20–23 peptides as shown
in Fig. 7B. Before correction, K20me1 seemed to be the most
abundant form (47.5%, Fig. 7B). After either internal or exter-
nal corrections, K20me2 became the most abundant form,
increasing from 24.6% to more than 70%, whereas the
K20me1 level dropped to around 10%. This result is very
similar to that of a previous study using top-down MS, which
showed that more than 80% of histone H4s carry me2 on the
K20 position in HeLa cells (48). Two peptides in the H4 20–23
peptide family, Kme2VLR and Kme3VLR (peptides 76 and 77),
had very low detection efficiencies (Table I). Therefore, they
would be more easily affected by technical noise and varia-
tions, which may contribute to some difference between in-
ternal and external corrections in this family (supplemental
Table S15). However, both internal and external corrections
correct the data in the same direction and are more similar to
each other than the original data.

Next, we applied this method to compare histone variant
and PTM levels in undifferentiated and differentiated TS cells.
Three datasets were generated using the original method of
quantification, internal correction factors from spiked-in
heavy peptides (Int_corr), and external correction based on
detection efficiencies obtained from the 16 independent
runs (Ext_corr). For most peptides examined, all three data-
sets showed a similar trend of isoform/modification changes
after TS cell differentiation. However, the relative ratios of
isoforms/modifications changed after data correction. For ex-
ample, all three datasets showed increased levels of histone
H2A.X and H4 K20me2/me3 after TS cell differentiation (Figs.
7C–7H, supplemental Tables S16 and S17). However, the
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corrections changed the degree to which H2A.X and H4
K20me2/me3 increased after differentiation relative to the
original method. The original data showed that the differenti-
ated TS cells had a 5.2-fold increase in H2A.X and a 2.6-fold
increase in H4K20me2 relative to the undifferentiated cells,
whereas both internal and external data corrections brought
the fold change to a lower level (H2A.X: 1.9- and 2.4-fold,
respectively; H4K20me2: 1.2- and 1.1-fold, respectively). In

one case examined, the corrected data led to an opposite
biological conclusion: In the original data macroH2A showed
a 1.4-fold increase when TS cells were differentiated (Fig. 7C).
However, after the data correction, differentiated TS cells
actually had less macroH2A than the undifferentiated TS cells
(more than a 1.5-fold decrease) (Figs. 7D and 7E). We think
this occurred because the amount of macroH2A peptide is
generally very low in the cell (�1% in our data), and its relative
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FIG. 7. Application of the synthetic peptide library in TS cells. Bar graphs showing relative abundance of histone H2A variants and H4 K20
methylations in undifferentiated (undiff) and differentiated (diff) TS cells. White boxes, original data; light gray boxes, internal corrected (Int_corr)
data; dark gray boxes, external corrected (Ext_corr) data. The undiff TS cell data are in solid boxes, and the diff TS cell data are in hatched
boxes. A, B, comparison of original data and corrected data, using undiff TS cell data. p values show difference between the original data and
corrected data. C–E, different compositions of histone H2A variants between undiff and diff TS cells. p values represent difference between
the two cell types. The numbers above each diff TS-cell bar show the fold change (either increase or decrease) of averaged data between the
corresponding diff and undiff TS cells. F–H, histone H4 K20 methylation changes between undiff and diff TS cells. p values represent difference
between the two cell types. The numbers above each diff TS-cell bar show the fold change (either increase or decrease) of averaged data
between the corresponding diff and undiff TS cells.

Heavy Peptide Library for Histone Quantification

Molecular & Cellular Proteomics 13.9 2463



abundance depended strongly on levels of other H2A pep-
tides, because we normalized the measurements by the sum
of three H2A variants.

In summary, these results demonstrated that our original
protocol without correction was robust enough to identify the
critical biological changes, especially when the target peptides
were abundant. However, the uncorrected data might over- or
underestimate some changes between two biological condi-
tions. Therefore, utilizing the detection efficiencies described
here would greatly improve the accuracy in quantification of
histone variants and PTMs. Furthermore, for peptides that exist
at very low abundances (e.g. macroH2A), the proper corrections
were critical for accurate interpretations in biology.

DISCUSSION

To our knowledge, we have created the largest synthetic
peptide library for histones, and here we have presented
quantitative and systematic analyses. A handful of other stud-
ies have also employed synthetic histone peptides, but typi-
cally only for individual or limited histone variants/PTMs. For
example, Darwanto et al. used two pairs of histone H2B
peptides (unubiquitinated and ubiquitinated) to generate
standard curves for multiple-reaction-monitoring analyses of
H2B ubiquitination (11). Recently, Jaffe and colleagues re-
ported the usage of a histone peptide collection including five
synthetic histone H3 peptide families. These peptides were
labeled with heavy arginine residues and were used to analyze
the specificity of histone antibodies in chromatin-immunopre-
cipitation experiments, and also to quantify histone PTMs
(14). However, they only included histone H3 peptides and did
not evaluate systematic effects of the PTMs. Additionally,
because they used the only heavy arginine residue (6C13,
4N15) in each tryptic peptide, the isobaric PTM peptides
remained isobaric in mass (e.g. histone H3K9ac versus
H3K14ac). This same group used these peptides in a second
study, but only as an external guide for retention time win-
dows for MS/MS targeting (49). In the present study, we
extensively tested 93 histone peptides on three different LC/
MS-MS instrument setups and obtained very similar results
(Fig. 2B). This suggests that the detection efficiency variations
are consistent under different conditions when following our
protocols. The Protein-Aqua™ technology designed the pep-
tides by substituting different numbers of heavy amino acid
residues; therefore, all the originally isobaric peptides had
different m/z values and could be easily separated at the MS1
level. Moreover, these peptides could also be measured in the
presence of the endogenous peptides (Fig. 1C). This design
enabled us to fully evaluate and quantify different forms of
histone peptides.

We examined various aspects of the synthetic peptide data
by manually extracting ion chromatograms for the MS analy-
ses, and we also manually validated MS/MS results (examples
are given in supplemental Fig. S1). For each peptide, all
detectable charge states were quantified. Because longer

peptides have more naturally occurring heavy isotopes, we
found that the relative amounts of these peptides were un-
derestimated when we measured only the first isotopic peak
(e.g. C12). We also corrected for this factor using calculated
isotope distributions (supplemental Tables S1 to S3). Overall,
we are very confident with MS peak assignments and peptide
quantifications.

As previously mentioned, many factors contribute to the
final detection efficiencies of peptides, including peptide hy-
drophobicity, basicity and binding affinity with reverse phase
resins. We observed no clear relationship between the pep-
tide hydrophobicity or basicity and the detection efficiency
(Fig. 3). We did, however, observe a significant loss of highly
hydrophilic peptides, namely, peptides 5 and 6 (histone H3
3–8 with K4me2/3), in our analyses, as they had the lowest
detection efficiencies in the entire library (Table I). Experi-
ments (data not shown) demonstrated that this was mainly
due to the poor affinity of C18 resin for these two small, very
hydrophilic peptides. Usage of a different derivatization rea-
gent significantly increased the peptide recovery after desalt-
ing with STAGE tips.2 Therefore, our synthetic peptide stand-
ards can be very beneficial for accurate quantification of
histone H3 K4me2/3, which are arguably the most important
histone marks on active gene promoters.

Among the 14 families of histone peptides, we observed
very different relative variations, as measured by relative
standard deviation (Figs. 4 to 6). The RSD values ranged from
13.1% to 173.5%. These results suggest that PTMs, and even
the same PTM, have diverse effects on different peptides.
Overall, lysine methylation seemed to have larger effects (both
positive and negative) than lysine acetylation. Surprisingly,
despite the general believe that serine/threonine phosphory-
lation has strong deleterious effects on ionization efficiencies,
phosphorylation on histone H3T3, S10, or S28 alone was
never the most negatively affecting PTM (Figs. 5C, 6B, and
6C) on each peptide. Naturally occurring phosphorylations in
biological samples are typically very low in abundance and
are quite dynamic. In contrast, lysine methylations and acety-
lations are more abundant and stable, especially on histones
(2, 3, 50). Our results suggest that the difficulties of phosphor-
ylation detection are probably due to the naturally low amount
of this mark and possibly are not solely a result of technical
limitations, of course based on our detection of these histone
peptides examined here. Consistently, a recent study also
showed that phosphorylated peptides sometimes also had
higher detection efficiencies than their unmodified counter-
parts (20), thus complicating the view of the effect that these
marks have on MS detection efficiency.

The propionyl groups introduced onto histone peptides
during our chemical derivatization protocol can also be con-
sidered as another form of modification. To assess the impact
of propionylation on detection efficiencies, we subjected the

2 D. Arnott and T. Maile, in preparation.
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histone peptide library to our MS pipeline without the chem-
ical derivatization. However, the unpropionylated peptides
were retained so poorly that we could only reliably detect 56
out of 93 peptides (data not shown). Out of the 56, 7 peptides
were unmodified (supplemental Fig. S5). We managed to an-
alyze two complete families, the histone H3 54–63 and H3
73–83 peptide families (supplemental Fig. S6). On the histone
H3 54–63 peptide, K56ac showed a more consistent increase
in detection efficiency than the Unmod counterpart (supple-
mental Fig. S6A). In contrast, the unpropionylated forms on
the histone H3 73–83 peptide (Unmod; K79me1, -2, and -3)
were more similar to each other (RSD � 11.4%), whereas
K79me2 and -me3 on the propionylated peptides were much
higher than their Unmod and K79me1 counterparts (RSD �

86.5%) (Fig. 5 and supplemental Fig. S6B). We concluded
that, similar to lysine acetylation and methylation, lysine pro-
pionylation has variable effects on detection efficiency when
added onto different peptide backbones.

Synthetic heavy-isotope-labeled peptides are usually used
as internal controls (absolute quantification), mixed with bio-
logical samples and analyzed together via nano-LC-MS/MS.
Alternatively, they may also be analyzed separately from the
endogenous samples, serving as external controls for detec-
tion efficiency (14, 51). We applied both calibration methods
and found very similar results between external and internal
controls spiked into histones extracted from mouse tropho-
blast stem and differentiated cells (Fig. 7). For the histone H2A
variants, we observed no difference between Int_corr data
and Ext_corr data (Fig. 7A, supplemental Table S14). For the
histone H4 20–23 peptide family, there was some difference
between the two sets of corrected data (Fig. 7B, supplemental
Table S15). However, both corrections showed the same
trend and were more similar to each other than the original
data. Furthermore, the corrected data may change the inter-
pretation of some biological results. In the example shown in
Fig. 7, both Int_corr and Ext_corr data show a decrease in
marcoH2A level after TS cell differentiation, different from the
original data. In fact, the 16 runs presented here were con-
ducted over a period of more than five months on three
different instruments, suggesting that the detection efficien-
cies of these peptides remain stable over time. Therefore, the
external corrections may still be used to control for the bias in
the detection efficiencies of different peptides, which is some-
thing that all researchers in this epigenetics proteomics field
should pay closer attention to.

As demonstrated above, the synthetic peptide library
presented here can serve as a very useful tool in the quanti-
fication of histone PTMs and variants in biological samples.
However, some challenges still remain in analyzing the en-
dogenous histone samples. For example, the H4 4–17 pep-
tide family has three isobaric groups within the family: the
one-ac, two-ac, and three-ac peptides (Fig. 1). Although we
routinely target their m/z (MH2�), it remains difficult to deter-
mine the relative amount of each form because some of them

do not have unique b or y ions. The synthetic library does
provide useful information about retention time differences of
some isobaric peptides (Fig. 1C). However, for correct iden-
tification and quantification of these peptides, we still have to
rely on optimization at the mass spectrometer to obtain full
coverage in the MS/MS spectrum.

In conclusion, we have provided a systematic evaluation
and quantification of the detection efficiencies of our 93-
histone peptide library. We found that there were widespread
detection efficiency biases that were both sequence and PTM
specific, although no discernible trends could be broadly
generalized across all the peptides. Nevertheless, we believe
these data will be of great benefit in measuring important his-
tone variants and PTMs and will promote more accurate use of
mass-spectrometry-based technologies in the epigenetics field.
Our data also serve as a cautionary warning to those wanting to
measure histone PTM abundances, as correction factors (inter-
nal or external) must be taken into consideration before one
makes strong claims describing histone PTM/variant stoichiom-
etry. Furthermore, these data may serve as the first step toward
a more comprehensive understanding of peptide behaviors in
mass spectrometry, as they represent many different types of
protein modifications. Lastly, we further hope this library can be
used and mined to extrapolate new parameters or characteris-
tics that could be used to explain the observations made herein
and in future studies.
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