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In this paper we describe an approach that combines
stable isotope labeling of amino acids in cells culture, high
mass accuracy liquid chromatography tandem mass
spectrometry and a novel data analysis approach to ac-
curately determine relative peptide post-translational
modification levels. This paper describes the application
of this approach to the discovery of novel histone modi-
fication crosstalk networks in Saccharomyces cerevisiae.
Yeast histone mutants were generated to mimic the pres-
ence/absence of 44 well-known modifications on core
histones H2A, H2B, H3, and H4. In each mutant strain the
relative change in H3 K79 methylation and H3 K56 acety-
lation were determined using stable isotope labeling of
amino acids in cells culture. This approach showed rela-
tive changes in H3 K79 methylation and H3 K56 acetyla-
tion that are consistent with known histone crosstalk net-
works. More importantly, this study revealed additional
histone modification sites that affect H3 K79 methylation
and H3 K56 acetylation. Molecular & Cellular Proteom-
ics 12: 10.1074/mcp.M112.026716, 2048–2059, 2013.

Histone post-translational modifications play a crucial role
in stabilizing chromosomal structure and regulating gene tran-
scription (1–3). There is mounting evidence that histone mod-
ifications communicate via crosstalk (4–11). Crosstalk can
occur between modifications that are present on the same
histone molecule (cis) or between modifications on different
histones (trans). For example, H2B K123 monoubiquitination
regulates H3 K4 and K79 methylation via a direct trans cross-
talk interaction that involves the ubiquitin-conjugating en-
zyme, Rad6, and the methyltransferases, Set1 and Dot1 (4,
12–24). The methylation of histone H3 can also be regulated in
trans by elements on the NH2-terminal tail of histone H4 and
histone H2A (23, 25, 26). Another example of histone crosstalk

is the influence of histone H3 S10 phosphorylation on the
acetylation of histone H4 K16, via a trans interaction, and H3
K14, via a cis interaction (27, 28). Histone crosstalk is not
strictly limited to post-translational modifications. For exam-
ple, the isomerization of histone H3 P30, catalyzed by the
proline isomerase Fpr4, inhibits the ability of Set2 to methylate
H3 K36 (29).

In this paper we examined histone crosstalk networks for
H3 K79 methylation and H3 K56 acetylation, which are among
the most intensively studied histone modifications (14, 30–
36). Van Leeuwen and colleagues first reported that in the
budding yeast Saccharomyces cerevisiae lysine 79 of histone
H3, located at the surface of the nucleosome, is methylated
by the protein Dot1p. H3 K79 methylation is an abundant
modification that is found in euchromatic regions of the ge-
nome and plays an important role in the discrimination be-
tween euchromatin and heterochromatin. The abundance of
the mono-, di- and tri-methylation states was quantitated by
liquid chromatography (LC)1-MS using the doubly charged
peptides with different methylation levels whose identity was
verified by tandem MS (MS/MS) (35). Using LC-MS, the He-
nikoff laboratory also quantified the relative abundance of
doubly charged ions of unmethylated, monomethylated, and
dimethylated forms of H3 K79 peptide in a Drosophila cell line
system (33). Later, to prove the effect of H2B ubiquitylation in
regulating the ability of Dot1 to perform successive rounds of
methylation on H3 K79, the Grunstein laboratory measured
the methylation profile of H3 K79 in the presence or absence
of H2B ubiquitylation in yeast by chromatin immunoprecipi-
tation and mass spectrometry (14).

The acetylation of H3 K56 by Rtt109 in S. cerevisiae occurs
in S phase of the cell cycle and, therefore, serves as a mark of
newly synthesized histone (32, 34, 37–41). Acetylated H3 K56
is very abundant in the yeast being found on �28% of the
total H3 (36). H3 K56 is located near the DNA entry and exit
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point of the nucleosome and, as such, can influence the
wrapping of DNA on the nucleosome (42, 43). The level of H3
K56 acetylation has been measured by various labs in biolog-
ical systems from yeast to human (34, 36, 44–48). ChIP has
been widely used to determine the abundance of H3 K56
acetylation to study its function in transcriptional regulation
(34, 45). In addition, mass spectrometry has also been used to
determine the relative abundance of K56 acetylation in yeast
by dividing the amount of acetylated peptide by the sum of
acetylated and unacetylated peptides detected by MALDI-
TOF mass spectrometry (36).

Stable isotope labeling of amino acids in cell culture
(SILAC) is a multiplex quantitative proteomic technique that
uses metabolic labeling of proteins with isotopically heavy
amino acids to determine changes in protein relative abun-
dance (49, 50). By comparing abundances for the light and
heavy labeled proteolytic peptides, the relative amount of
proteins can be inferred across different experimental condi-
tions. The challenge associated with SILAC quantitation of
histone crosstalk is that the majority of data analysis software
applications are designed to measure protein abundance dif-
ferences rather than changes in peptides. Thus it is nontrivial
to identify changes in histone PTMs. MSQuant and MaxQuant
are two examples of widely used applications that support
relative protein quantitation. MSQuant uses precursor ion in-
tensities to perform quantitation (51). MaxQuant uses high-
resolution mass spectrometric data to automatically detect
and cluster peaks for more reliable quantitation (52). Max-
Quant detects features (including peaks, isotope clusters and
SILAC-labeled peptide pairs), calculates the peptide abun-
dance ratio, and generates the intermediate files that can be
automatically uploaded to Mascot for peptide identification by
Mascot Daemon. Using this tool, Cuomo et al. determined
methylation and acetylation profiles for peptides derived from
histones H3 and H4 isolated from a set of breast cancer cell
lines (53).

The purpose of this work is to discover novel histone cross-
talk networks. An approach that combines yeast genetics,
SILAC and LC-MS/MS has the potential to achieve this goal.
In this paper we used a strategy that measures the SILAC
ratios for peptides that contain H3 K79 and H3 K56 and their
modified isoforms. This approach combines peptide mass
accuracy, peptide retention time and the peptide’s light:heavy
labeling to eliminate noise for more accurate ratio calculation.
Forty-four yeast mutants of modification sites on H2A, H2B,
H3, and H4 were examined to determine their effect on H3
K79 methylation and H3 K56 acetylation. The data recapitu-
late reported crosstalk networks between histone H2B K123
and histone H3 K79 methylation. More importantly, the data
identify other histone modification sites on histones H2A,
H2B, H3, and H4 that affect H3 K79 methylation and H3 K56
acetylation.

EXPERIMENTAL PROCEDURES

Preparation of Histone Mutants—Lysine residues in H3 or H4 that
are subject to post-translational modification were mutated to gluta-
mine or arginine. The mutations were constructed by site-directed
mutagenesis from plasmid pMP3 that carries both wild type histone
H3 and H4 genes (HHT2-HHF2)(54). Plasmids containing histone
mutations were shuffled into yeast strain UCC1111 (S. cerevisiae),
which is deleted for the endogenous histone H3 and H4 genes.
Modified residues in histones H2A and H2B were altered by site
directed mutagenesis of plasmid pQQ18. These plasmids were then
shuffled into strain JHY205(55).

Cell Preparation—For each wild type and histone mutant pair to be
analyzed, the strains were grown separately in duplicate cultures-one
containing normal L-lysine and the other containing 13C6,15N2-lysine.
Cells were harvested by centrifugation in mid-log phase A600 � 0.6 to
0.8. Equal weights of cells from each culture were mixed and histones
were subsequently isolated.

Histone Extraction and In-solution Digestion—After the cells were
harvested, histones were purified as described previously(56). Each
sample was digested with Endoproteinase Arg-C (Sequencing grade
from Clostridium histolyticum, Roche Applied Science) at a 1:50 en-
zyme : substrate ratio in 100 mM Tris-HCl (pH 7.6). The digest was
incubated at 37 °C for 8 h. The resulting peptides were desalted with
a C18 Zip-tip and eluted with 0.1% trifluoroacetic acid (TFA)/50%
acetonitrile (ACN).

Protein Identification—Eluting peptides were separated by re-
versed-phase HPLC (Dionex Ultimate 3000 capillary/nano HPLC sys-
tem, Dionex, Sunnyvale, CA) and mass analyzed with a Thermo Fisher
LTQ Orbitrap XL (Thermo Finnigan, San Jose, CA). Briefly, the pre-
cursor ion was first detected in the Orbitrap, and the CID product ions
were generated and measured in the linear ion trap. Histones were
separated on a 0.2 mm x 150 mm C18 column (3 �m, 200Å, Michrom
Bioresources Inc., Auburn, CA) at a flow rate of 2 �l/min with mobile
phase A containing H2O with 0.1% Formic acid (FA) and mobile phase
B containing ACN with 0.1% FA. Using a 120min gradient beginning
with 2% mobile phase B, the phase B linearly increased to 5% in
10min, from 5% to 15% in 20min, from 15% to 30% in 45 min, from
30% to 50% in 15 min, and from 50% to 90% in 5 min. After washing
at 90% B for 1 min, the column was equilibrated at 2% B for 24 min.
A blank was run between each sample injection and a bovine histone
standard was run every 10 runs for quality control.

Proteins were identified and SILAC protein ratios were determined
by the MassMatrix database search engine (MassMatrix 2.4.2, re-
leased on 2/22/2012). Database search parameters were set as fol-
lows: enzyme � Arg-C; maximum missed cleavages � 3, peptide
mass tolerance � �20.00 ppm, fragment mass tolerance � �0.80 Da
(CID), maximum length of peptides � 40 and minimum length of
peptides � 6. Variable modifications included ubiquitination of K,
acetylation of N-term and K, methylation of K (mono, di and tri) and R
(mono, and di), oxidation of M and phosphorylation of STY. Peptide
and protein score thresholds were set as follows: peptide score �

10(CID), peptide pp value � 5.0, peptide pp2 value � 5.0, peptide
pptag � 1.3 and protein score � 5.0. A maximum of two modifications
per peptide were allowed for each peptide spectral match. The maxi-
mum number of matches reported per spectrum was one and the
maximum number of modification combinations per peptide was three.
The false discovery rate was evaluated as described by Elias (57).

MS/MS spectra were searched against the yeast histone database
available from the National Human Genome Research Institute
(NHGRI) histone sequence database (http://genome.nhgri.nih.gov/
histones/). The search database contained 10 yeast histone se-
quences plus the mutant histone and a concatenated reversed decoy
database. All peptide assignments were subsequently manually val-
idated. SILAC peptide ratios were determined as described below for
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the H3 K79 peptide, EIAQDF79K(Me0–3)TDLR, and the H3 K56 pep-
tide, FQ56K(Ace0–1)STELLIR (MS/MS and search results provided as
supplemental Fig. S1).

Data Analysis—LC-MS/MS data files were converted to the mzXML
format and then parsed by an in-house developed python script
(provided in Supplemental Material). The mzXML filename, the zero-
charge monoisotopic mass of the peptide, the mass of the label, the

mass accuracy tolerance and signal rejection threshold were pro-
vided as arguments to python script, which was used to cluster
peptide signals and calculate the global normalization factor for each
sample and SILAC ratio(s) for the target peptide(s). To compensate for
the systematic mixing error of different mutants, it is crucial to calcu-
late the normalization factor for the comparison of peptide levels
between mutants.

FIG. 1. General example of peptide-level SILAC ratio determination for the H3 K79 peptide EIAQDF79K(Me0–3)TDLR and H3 K56
peptide FQ56K(Ace0–1)STELLIR from a light wild-type:heavy wild-type mixture. A, The LC-MS/MS base peak plot. Unmodified and
methylated H3 K79 peptides eluted at about the same retention time, whereas the unmodified and acetylated H3 K56 peptides were separated
by 12 min. B, The average precursor (MS1) mass spectra for H3 K79 and H3 K56 isoforms. C, Scatter plots generated by the peptide-level
SILAC quantitation. Peptide ratios were determined by robust linear regression and linear regression of the light versus heavy abundance. Each
point in the scatter plot is a single light:heavy signal. The robust linear regression line is denoted as the solid line and the linear regression as
the dashed line. The red dashed line, y � x is provided as a reference for a unity ratio.
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Determination of SILAC Normalization Factor—Normalization fac-
tors for each sample were determined as follows. First the mzXML
data file was parsed by an in-house developed python script that
identifies all co-eluting pairs of signals (i.e. “matched pairs”) that are
separated by the m/z ratio for a given SILAC label. A single charge
state or range of charge states (z � 1 - N) can be used to identify all
matched pairs. For these data sets we only determined the normal-
ization factor using the �3 charge state of our 8 Da SILAC label. For
this SILAC label, the use of the �3 charge state produced fewer
random matches. The resulting “matched pairs” separated in m/z by
the triply charged SILAC label were then used to estimate the nor-
malization factors by the following: 1) Robust linear regression (RLR)
slope of light versus heavy abundance, 2) Linear regression (LR)
slope, 3) Median SILAC ratio and 4) Abundance weighted median
ratio. To further eliminate noise from random “matched pairs”, the
normalization factors were also calculated using only the ratios with
a �log2 fold change. Median ratios, linear regression slopes, intercepts
and standard deviations were calculated as described previously (58).
The abundance weighted median is a heuristic method to add additional
weight to ratios generated from highly abundant peptides. The Kendall-
Theil method was used for robust linear regression analysis. This robust
regression does not require normality of residuals and is not strongly
affected by outliers (59, 60). This method first calculates all possible
slopes from every pairwise combination of (x,y) data points (58). The
median slope from this set is taken as the estimate for the regression
slope. For large data sets, a more efficient version of the regression,
called Theil’s method, is used to generate a slope from fewer pairwise
combinations of data points (60). Normalization factors generated by all
four approaches with and without the �log2 filter are provided in sup-
plemental Data S1. A boxplot summarizing the effect of these normal-
ization strategies on all data sets is provided in supplemental Fig. S2.

Quantitation of Silac Peptide Ratio—SILAC ratios for target pep-
tides was determined from light versus heavy abundances of a given
target peptide. The mzXML file was parsed using an in-house devel-
oped python script. This script iterated through every MS1 scan to
find signals that correspond to the target peptide’s light and heavy
m/z signals for isotopes (0–4) and charge states (1 - N, where n �
number of basic side chains � 1). Sets of matched signals were
clustered based on similarity in retention time. The SILAC H/L ratios
for a cluster signal was calculated by linear regression and robust
linear regression (see normalization for description of these ap-
proaches). For these data we used a retention time window of 0.5 min
to cluster peptide signals. A plot of all the light and heavy abundances
pairs for each signal cluster was output along with the ratios calcu-
lated by LR and RLR. The algorithm also takes mass accuracy and
signal rejection threshold as arguments. These two arguments should
be set based on each instrument’s mass precision and background
signal abundance. Higher mass accuracy and an appropriate signal
rejection threshold are important in order to decrease random signal
matches. For these data sets a mass accuracy at 0.01 m/z and a
signal rejection threshold at 100,000 (arb units) was used. All peptide
SILAC ratios were then normalized using each experiments respec-
tive normalization factor. Because we are reporting relative ratios,
normalization across samples and MS runs was not performed.

Statistical Analysis of SILAC Ratios—The mean SILAC ratio and
variance of three replicates for each mutant strain were calculated
using a sample-based statistics approach. The SILAC ratio of the
modified peptide was first normalized to the ratio of the unmodified
peptide. The ratio for a given modification state in all mutants were
compared with the wild-type using a two tailed unpaired student’s t
test assuming unequal variance. The overall error for a set of mea-
surements was determined by combining the sample based statistics
for each measurement assuming non-overlapping sub samples. The
normalized ratios and their calculated sample-based statistics are

provided in supplemental Data S1 (H3 K79Me0–3) and supplemental
Data S1 (H3 K56Ace0–1). A worked example of the sample-based
statistics calculation is also provided in supplemental Data S1. Final
ratios are reported in all tables and figures with error bars equivalent
to twofold of the sample-based standard deviation.

RESULTS

In this paper we applied a novel peptide-level SILAC quan-
titative approach for the measurement of post-translational
modifications for the study of histone crosstalk. Our initial
focus was to comprehensively identify all of the sites of his-
tone modification that influence the abundance and distribu-
tion of the methylated forms of histone H3 lysine 79 and the
acetylated form of H3 lysine 56. Therefore, a collection of
yeast strains was constructed that contain mutations in most
of the known sites of modification on the four core histones. In
general, modified lysine residues were changed to arginine
and glutamine to mimic the constitutively deacetylated and
acetylated states, respectively, and phosphorylated residues
were changed to glutamic acid or alanine to mimic the con-
stitutively phosphorylated and dephosphorylated states, re-
spectively. Cultures containing wild type or mutant histone
alleles were grown to mid-log phase in pairs, with one culture
containing normal synthetic media and the other containing
synthetic media in which the lysine had been replaced with
13C6,15N2-lysine. Equal amounts of wild type and histone
mutant cells were combined and histones were purified for
mass spectrometry analysis. Following proteolytic cleavage
and LC-MS/MS analysis, comparison of peptide pairs that do
not contain post-translational modifications allowed for a de-
termination of the effect of the histone mutations on the total
abundance of each core histone. In general, there was little or
no effect on histone levels (supplemental Fig. S3).

SILAC allows for the quantitative analysis of changes in post-
translational modifications by monitoring the abundance of the
light versus heavy form of a target peptide. We used our infor-

FIG. 2. Mass spectrometry methylation profiles for the H3 K79
peptide fragment EIAQDF79K(Me0–3)TDLR2� from SILAC light
wild type:heavy mutant H2B K123R (left) and light wild type:heavy
mutant H2B K123Q (right). Light and heavy peaks are labeled with L
and H respectively. Peaks representing the unmethylated, mono-
methylated, di-methylated or tri-methylated form of H3 K79 peptides
are annotated by Me0, Me1, Me2, or Me3.
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matics approach to extract all the heavy and light abundances
for the target peptides in order to calculate their SILAC ratios.
One way to eliminate random matches and improve precision is

to use only the peptide signals that have both a light and heavy
form, referred to as “matched pairs.” Normalization factors can
be estimated from the ratio of matched pairs for all peptide

FIG. 3. A, SILAC ratios for the H3 K79 peptide EIAQDF79K(Me0–3)TDLR across all 44 yeast mutants. B, SILAC ratios for the H3 K56
peptide FQ56K(Ace0–1)STELLIR across all 44 yeast mutants. WT1 is from plasmid pMP3 that carries both wild type histone H3 and H4 genes
(HHT2-HHF2). WT2 is from plasmid pQQ18 that carries both wild type histone H2A and H2B. To compare the peptide level between mutants,
raw H/L ratios of each peptide are normalized using the filtered robust linear regression normalization factor. Error bars correspond to two-fold
of the sample based standard deviation (see Experimental Procedures and Supplemental data for description and example).
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signals in a data set. In a well-normalized data set we can
assume that the total abundance for all target isoforms is con-
served. Multiple strategies (described under “Experimental Pro-
cedures”) were used to normalize the H3 K79 (isoforms � 4) and
H3 K56 (isoforms � 2) data obtained from all mutants. A boxplot
summarizing the effect of these normalization strategies is pro-
vided as supplemental Fig. S2. We conclude that the �log2

filtered robust linear regression slope, abundance-weighted-
median and filtered abundance-weighted-median best estimate
the global normalization factor of these data sets. All data are
reported using the normalization factor estimated by �log2

filtered robust linear regression slope.
Fig. 1 shows a general example of how SILAC peptide

ratios were determined. In this example we compared

the light and heavy SILAC labeling of the H3 K79 peptide,
EIAQDF79K(Me0–3)TDLR, and the H3 K56 peptide, FQ56K-
(Ace0–1)STELLIR from a light wild-type:heavy wild-type mix-
ture. These histone modifications participate in several impor-
tant crosstalk pathways. These peptides also represent two
cases where modified and unmodified peptides have different
elution characteristics. The unmodified and methylated forms
of H3 K79 peptide typically coelute under reversed-phase
separation conditions whereas the acetylated form of H3 K56
peptide elutes later than the unmodified H3 K56 peptide (Fig.
1) (61). As seen in Fig. 1, the heavy/light ratios determined by
either are consistent for both the H3 K56 and H3 K79 isoforms
regardless of their elution pattern. The peptide ratios were
calculated by robust linear regression (RLR) and linear regres-

TABLE I
SILAC ratios for the H3 K79 peptide EIAQDF79K(Me0–3)TDLR across all 44 yeast mutants. Each ratio is the average of three replicates. A t-test

was performed between the wild type and each mutant. Peptide ratios with a p value � 0.05 are reported as significant

H3 K79Me0 H3 K79Me1 H3 K79Me2 H3 K79Me3

Average Std. Dev Average Std. Dev p value Average Std. Dev p value Average Std. Dev p value

WT2 1.15 0.14 1.12 0.22 1.0E�00 0.98 0.16 1.0E�00 0.90 0.03 1.0E�00
H2A K4R 1.17 0.22 1.42 0.05 4.3E-01 1.22 0.09 6.3E-01 0.80 0.09 2.8E-01
H2A K4Q 0.60 0.07 0.88 0.09 5.2E-03 1.05 0.13 1.0E-02 1.16 0.06 1.0E-02
H2A K7R 0.64 0.02 0.91 0.09 1.3E-02 1.13 0.05 9.8E-06 1.14 0.02 1.4E-03
H2A K7Q 0.89 0.07 1.44 0.01 3.7E-03 1.33 0.05 2.2E-02 0.74 0.01 6.9E-01
H2A K21R 0.93 0.08 0.97 0.03 2.2E-01 1.07 0.06 2.0E-02 0.89 0.05 8.4E-02
H2B K6R 0.83 0.09 1.05 0.11 4.9E-02 1.03 0.11 7.8E-02 1.16 0.13 2.8E-02
H2B K6Q 1.00 0.25 0.97 0.05 8.5E-01 1.03 0.03 3.5E-01 1.09 0.09 2.7E-01
H2B S10E 1.42 0.44 1.28 0.39 9.9E-01 1.25 0.33 1.0E-01 1.25 0.29 2.3E-01
H2B S10A 1.05 0.09 1.00 0.06 9.5E-01 0.94 0.03 5.5E-01 1.09 0.02 4.8E-02
H2B K11R 1.03 0.10 1.09 0.13 2.4E-01 1.02 0.04 8.9E-02 0.79 0.06 9.0E-01
H2B K11Q 1.13 0.11 1.19 0.16 7.9E-01 0.92 0.15 5.9E-01 1.06 0.13 4.6E-01
H2B K16R 0.87 0.12 1.10 0.02 1.2E-01 1.18 0.08 1.3E-01 1.04 0.07 7.5E-02
H2B K16Q 0.42 0.06 0.59 0.11 2.7E-02 0.67 0.17 2.9E-02 0.52 0.13 3.4E-02
H2B K17R 1.02 0.11 1.64 0.22 4.5E-03 1.51 0.09 2.9E-03 1.08 0.07 3.7E-02
H2B K17Q 0.82 0.04 0.95 0.06 8.9E-02 1.07 0.05 2.1E-02 0.93 0.09 1.5E-02
H2B K21R 0.57 0.21 1.13 0.05 1.9E-01 1.29 0.03 1.7E-01 0.96 0.06 1.8E-01
H2B K21Q 0.65 0.08 1.09 0.09 1.6E-03 1.25 0.10 9.5E-04 0.96 0.05 2.2E-03
H2B K22R 0.71 0.02 1.31 0.07 4.6E-04 1.33 0.03 7.2E-06 0.82 0.01 1.6E-02
H2B K22Q 0.96 0.48 0.77 0.15 6.3E-01 0.70 0.14 5.6E-01 0.55 0.13 8.3E-01
H2B K123R 1.39 0.12 0.69 0.05 1.5E-02 0.02 0.00 7.9E-04 0.01 0.00 6.5E-03
H2B K123Q 1.87 0.43 2.98 1.07 7.7E-02 0.35 0.10 1.6E-04 0.01 0.00 6.4E-03
WT1 0.89 0.09 1.00 0.06 1.0E�00 0.98 0.12 1.0E�00 0.91 0.13 1.0E�00
H3 K4A 0.83 0.07 1.22 0.26 1.4E-01 1.42 0.36 1.2E-01 1.50 0.28 1.4E-02
H3 K9R 0.85 0.07 0.88 0.12 3.3E-01 0.79 0.12 2.0E-01 0.92 0.20 5.8E-01
H3 T11A 1.03 0.03 1.02 0.05 2.1E-01 1.00 0.08 2.9E-01 1.20 0.09 1.4E-01
H3 K14R 1.06 0.18 1.03 0.21 1.4E-01 0.97 0.19 1.8E-01 1.06 0.04 9.2E-01
H3 K18R 1.10 0.20 1.08 0.18 2.3E-01 0.96 0.17 1.3E-01 1.02 0.11 8.0E-01
H3 K23R 1.00 0.09 1.06 0.08 5.9E-01 0.98 0.05 3.4E-01 1.06 0.05 5.1E-01
H3 K36R 0.85 0.10 0.88 0.02 4.3E-01 1.09 0.09 1.8E-01 1.18 0.03 8.9E-02
H3 K36A 0.90 0.08 0.77 0.02 5.6E-02 0.81 0.03 1.4E-01 1.09 0.02 8.1E-02
H3 K56R 0.84 0.04 0.99 0.11 8.7E-01 0.96 0.02 5.8E-01 1.15 0.06 2.8E-02
H4 K5R 0.91 0.12 1.28 0.25 1.2E-01 1.09 0.24 9.2E-01 0.92 0.17 5.9E-01
H4 K5Q 0.91 0.14 0.95 0.08 5.0E-01 0.90 0.09 4.5E-01 0.90 0.11 8.8E-01
H4 K8R 0.95 0.08 1.21 0.28 4.0E-01 1.17 0.32 4.6E-01 0.98 0.14 9.4E-01
H4 K8Q 1.17 0.20 1.43 0.09 6.1E-01 1.25 0.11 8.6E-01 0.87 0.13 4.3E-01
H4 K12R 1.33 0.21 1.37 0.35 2.3E-01 1.29 0.23 5.1E-01 0.88 0.23 3.6E-01
H4 K12Q 0.94 0.14 1.36 0.15 3.7E-02 1.32 0.14 5.1E-02 0.55 0.07 1.2E-02
H4 K16R 1.08 0.11 1.37 0.12 5.1E-01 1.30 0.39 4.2E-01 0.94 0.09 3.9E-01
H4 K16Q 1.23 0.11 2.46 0.17 7.5E-03 1.59 0.07 1.2E-01 0.44 0.06 2.6E-03
H4 K31R 0.62 0.07 1.03 0.10 6.5E-02 1.12 0.12 5.9E-02 0.94 0.08 1.4E-02
H4 K31Q 0.77 0.14 0.74 0.10 1.3E-01 0.83 0.11 9.9E-01 1.01 0.15 3.5E-02
H4 K79R 0.95 0.08 0.98 0.07 7.1E-01 0.99 0.07 9.5E-01 1.10 0.07 1.8E-01
H4 K79A 0.81 0.02 0.94 0.06 8.7E-01 1.10 0.02 6.4E-02 1.05 0.02 3.7E-02
H4 K91Q 0.46 0.17 0.53 0.16 4.4E-01 0.61 0.19 3.9E-01 0.62 0.16 9.8E-02
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sion (LR). In supplemental Fig. S4, the residual plots for the H3
K79Me0 show that the ratios deviation from the slope is
biased by abundance. The absolute deviation for ratios at high
abundance is large, however, they have relatively less relative
deviation compared with ratios at low abundance. The robust
regression is less sensitive to larger deviations, which is why
it is useful for noisy data. These larger relative deviations at
low signal abundance are caused by the fact that the varia-
bility in signal has greater impact on their ratio variability.
When using the robust linear regression it is possible that an
“outlier” at high abundance may be falsely rejected. In some
cases the ratio may be better estimated using the median or
abundance-weighted median. For this reason, the algorithm
outputs all calculated ratios and a scatter plot of the light
versus heavy abundance to facilitate validation of the calcu-
lated ratios.

We validated the peptide level SILAC approach by exam-
ining H3 K79 methylation and H3 K56 acetylation with mu-
tants that are known crosstalk effectors. For example, it is well
established that the ubiquitylation of histone H2B is required
for the di-and tri-methylation of H3 lysine 79 (62, 63). Mutating
H2B K123 to either arginine or glutamine blocks the access of
Rad6-Bre1, which is responsible for ubiquitylation at lysine
123. Therefore, we performed SILAC analysis with a light WT:
heavy mutant H2B K123R mixture to validate the approach.
As seen in Fig. 2, there is a complete loss of peptides con-
taining the di- and tri-methylated form of H3 lysine 79 from the
H2B K123R cells and a roughly 2-fold decrease in the level of
H3 K79 mono-methylation, which is in agreement with previ-
ous results (14). In addition, as shown in Fig. 2 there is a
negligible amount of di- or tri-methylation of H3 lysine 79 in
the H2B K123Q cells. Both mutations on H2B K123 show
significant ablation of H3 K79 trimethylation. These data show
that the trimethylated versions have practically disappeared in
the heavy samples, but the unmodified, methylated and di-
methylated are all the same or lower ratio. Perfect mass
balance would assume that there are only four possible iso-
forms for this peptide. However this may not be the case. The
deviation from a ratio sum equal to four is more likely because
of another modification on this peptide that is yet to be
discovered. When examining the data from this perspective,
the approach can aid in discovery of other interesting peptide
isoforms. Another important consideration is the reproducibil-
ity of the SILAC method. Supplemental Fig. S5 shows three
replicates for the light wild type: heavy mutant H4 K8R. It is
clear that the results were highly repeatable. MS/MS spectra
are also provided in supplemental Fig. S1 for the H3 K79 and
H3 K56 peptides used in this analysis.

Given that the peptide level SILAC analysis recapitulates
known crosstalk pathways, we used this approach to ex-
amine H3 K79 methylation and H3 K56 acetylation for our
collection of 44 yeast histone modification mimetic mutants.
To compare the peptide level between mutants, raw H/L
ratios of each peptide were normalized using the filtered

robust linear regression determined normalization factor.
The normalized SILAC peptide ratios for H3 K79 are plotted
in Fig. 3A and listed in Table I. Similarly, the normalized
SILAC peptide ratios for H3 K56 are plotted in Fig. 3B and
listed in Table II. Error bars correspond to twofold of the
sample-based standard deviation based on the size and
mean of each sample as described in the Experimental
Procedures (an example calculation is provided in the sup-
plemental data). These data are presented utilizing a novel
plot that shows both the ratio (Fig. 4A) and significance (Fig.
4B) for H3 K79 methylation and those (Fig. 4C and 4D) for

TABLE II
SILAC ratios for the H3 K56 peptide FQ56K(Ace0–1)STELLIR across all
44 yeast mutants. Each ratio is the average of three replicates. A t-test
was performed between the wild type and each mutant. Peptide ratios

with a p value � 0.05 are reported as significant

H3 K56Ace0 H3 K56Ace1

Average Std. Dev Average Std. Dev p value

WT2 0.95 0.06 0.91 0.16 1.0E�00
H2A K4R 0.94 0.05 1.57 0.25 8.7E-03
H2A K4Q 1.05 0.07 0.89 0.05 3.7E-01
H2A K7R 1.05 0.03 0.95 0.14 6.8E-01
H2A K7Q 0.90 0.02 1.45 0.07 3.5E-03
H2A K21R 0.90 0.04 1.40 0.19 3.1E-02
H2B K6R 1.12 0.08 0.70 0.10 6.0E-02
H2B K6Q 1.06 0.05 0.91 0.14 4.7E-01
H2B S10E 1.30 0.46 1.45 0.45 1.3E-01
H2B S10A 1.05 0.03 0.97 0.15 9.3E-01
H2B K11R 0.92 0.04 1.32 0.10 1.6E-02
H2B K11Q 1.02 0.07 1.29 0.31 1.7E-01
H2B K16R 1.11 0.07 0.87 0.10 1.7E-01
H2B K16Q 0.60 0.15 0.54 0.13 7.7E-01
H2B K17R 1.19 0.10 1.68 0.08 1.4E-02
H2B K17Q 1.08 0.04 0.82 0.02 1.4E-01
H2B K21R 1.12 0.04 1.13 0.07 5.2E-01
H2B K21Q 1.03 0.05 0.87 0.08 3.8E-01
H2B K22R 1.01 0.03 0.90 0.05 6.8E-01
H2B K22Q 0.60 0.12 0.81 0.15 2.4E-01
H2B K123R 0.29 0.02 0.46 0.02 3.7E-03
H2B K123Q 0.77 0.20 1.48 0.45 4.8E-04
WT1 0.91 0.16 0.95 0.16 1.0E�00
H3 K4A 1.10 0.10 0.52 0.06 1.9E-03
H3 K9R 0.89 0.17 0.79 0.10 7.1E-01
H3 T11A 1.15 0.05 0.87 0.02 2.5E-02
H3 K14R 1.07 0.08 0.93 0.20 6.2E-01
H3 K18R 1.04 0.19 0.71 0.05 1.4E-01
H3 K23R 1.03 0.02 0.77 0.07 3.1E-02
H3 K36R 1.09 0.03 0.96 0.07 2.8E-01
H3 K36A 1.10 0.03 0.78 0.06 1.1E-02
H3 K79R 0.93 0.27 0.51 0.15 8.6E-03
H3 K79A 0.93 0.06 0.48 0.10 1.0E-02
H4 K5R 1.00 0.08 1.14 0.15 3.3E-01
H4 K5Q 0.90 0.06 1.11 0.12 5.5E-03
H4 K8R 1.03 0.06 0.98 0.14 8.0E-01
H4 K8Q 1.04 0.06 0.82 0.05 4.0E-02
H4 K12R 0.95 0.05 1.70 0.12 1.7E-02
H4 K12Q 0.84 0.09 1.01 0.20 1.3E-01
H4 K16R 1.01 0.08 1.11 0.26 3.8E-01
H4 K16Q 0.80 0.06 1.95 0.05 2.2E-03
H4 K31R 1.03 0.06 0.95 0.07 4.6E-01
H4 K31Q 0.92 0.14 0.84 0.13 4.2E-01
H4 K79R 1.15 0.03 0.80 0.11 5.2E-02
H4 K79A 1.15 0.04 0.79 0.05 1.2E-02
H4 K91Q 0.59 0.20 0.48 0.14 8.6E-02
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H3 K56 acetylation. This novel “Saturn plot” was developed
to simplify interpretation of cross-talk data by highlighting
statistically significant effects of mutations on H3 K79 meth-
ylation and H3 K56 acetylation.

This analysis identified residues on each of the four core
histones that affect the pattern of methylation on histone H3
lysine 79. Interestingly, in contrast to the effect seen with the
H2B K123R mutant, many of these mutations result in in-
creased levels of H3 lysine 79 methylation. The most striking
example of this was observed for several mutations in the
NH2-terminal tail of histone H2B. Consecutive lysine residues
at positions 21 and 22 both impacted H3 lysine 79 methyla-
tion. For H2B lysine 21, the glutamine substitution led to an
increase in mono- and di-methylation of H3 lysine 79. In
contrast, arginine substitution of H2B lysine 22 had opposing
effects where retaining the positive charge promoted mono-
and di-methylation. In addition, mutations on the adjacent
lysine residues at positions 16 and 17 also impacted H3 lysine
79 methylation. The glutamine substitution of H2B lysine 16 or

arginine substitution of H2B lysine 17 led to an increase in
mono- and di-methylation of H3 lysine 79.

Crosstalk was also identified for the NH2-terminal tail of
histone H2A. Changing lysine residue 4 to glutamine re-
sulted in an increase in the levels of the tri-methylated
states of H3 lysine 79. Mutating H2A lysine 7 to glutamine
caused an increase in H3 lysine 79 di-methylation where the
arginine substitution increased both H3 lysine 79 di- and
tri-methylation.

The NH2-terminal tail of histone H3 appeared to play only a
minor role in the regulation of H3 lysine 79 methylation. Mu-
tating the sites of acetylation in this domain had no effect on
H3 lysine 79 methylation. H3 lysine 4 and lysine 36 were both
mutated to alanine to test the importance of positive charge at
this position. There is no obvious change of H3 K79 methyl-
ation level in mutant strain H3 K36A, however, loss of H3
lysine 4, which shares some mechanisms of regulation with
H3 lysine 79, led to enhanced levels of tri-methylated H3
lysine 79 (12, 14, 19, 22).

FIG. 4. Saturn plots summarizing the relative change in post-translational modification and the significance. A, Saturn plot summary
for log2(Ratio) of H3 K79 methylation and B, its significance, reported as -log(p). C, Saturn plot summary for log2(Ratio) of H3 K56 acetylation
and D, its significance, reported as -log(p). The Saturn plot reveals mutants that significantly influence H3 K79 methylation or H3 K56
acetylation. The Saturn plot starts pointing east and goes anticlockwise as the arrow shows. *Dimethylation and trimethylation was negligible
for mutants H2B K123R and H2B K123Q.
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It has been shown that deletion NH2-terminal tail of histone
H4 results in the loss of di- and tri-methylation of histone H3
lysine 79. This effect was localized to a basic patch comprised
of residues 17–20. From the data shown in Fig. 3A, other
residues in the NH2-terminal tail of histone H4, namely lysines
12 and 16, also influenced lysine 79 methylation. Mutating
these lysines to glutamine resulted in an increase in the levels
of mono- and di-methylation with a concomitant decrease in
tri-methylation. Previous reports have indicated that these
residues do not play a role in H3 lysine 79 methylation but
these conclusions were based on Western blot analyses that

may not have had the sensitivity to detect these changes in
H3 lysine 79 methylation (23).

Several residues on each of the four core histones were
also shown to have a possible connection with H3 K56 acety-
lation. Interestingly, mutating H4 K16 to glutamine led to an
increased level of H3 K56 acetylation. As it has been reported
that substitution of H3 lysine 56 does not influence the level of
H4 K16 acetylation (47), this observation suggests the possi-
bility that there is a single-direction interaction between H3
K56 and H4 K16. The level of H3 K56 acetylation was also
increased if H4 lysine 12 was mutated to arginine. Mutations

FIG. 5. A network representation of A, B, and C, H3 K79 methylation crosstalk and D, H3 K56 acetylation crosstalk. Mutated sites are
highlighted in red. Mutations promoting the modification are indicated by an arrow whereas the ones with reverse effects are indicated by a
solid bar.
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of other sites of histone H4 modification did not result in
significant changes in the degree of H3 K56 acetylation. Two
residues in histone H3 showed an interaction with H3 K56
acetylation. Mutating lysine 79 to arginine or alanine led to a
decrease in the level of H3 K56 acetylation. Lysine 4 in the
NH2-terminal tail was also linked as a mutation at this site led
to a twofold decrease in H3 K56 acetylation.

Crosstalk was also observed with the NH2 terminus of
histone H2A. Mutating lysine 4 to arginine led to an enhanced
level of H3 K56 acetylation whereas mutating lysine 4 to
glutamine had no effect. Interestingly, the opposite is ob-
served for lysine 7 where a mutation to glutamine increased
the level of H3 K56 acetylation and a change to arginine does
not influence the level of H3 K56 acetylation. In addition,
mutating lysine 21 to arginine led to an enhanced level of H3
K56 acetylation.

Several modification sites on H2B showed effects on H3
K56 acetylation. The most striking example was lysine 123,
where both arginine and glutamine mutations resulted in a
significantly increased level of H3 K56 acetylation. Both argi-
nine mutations of H2B lysine 11 and lysine 17 led to an
increased level of H3 K56 whereas glutamine substitutions on
these two sites have no significant effect on the level of H3
K56 acetylation.

DISCUSSION

We have demonstrated an approach for the quantitation of
peptide changes using SILAC. By combining this method with
the site-directed mutagenesis of yeast core histones, we
identified multiple mutations that affect the level of H3 K79
methylation and H3 K56 acetylation. This is a critical first
step in identifying novel pathways of histone modification
crosstalk.

With the identification of potential pathways of histone
modification crosstalk, the next important question is to un-
derstand the mechanism(s) through which these sites of mod-
ification communicate. One possibility is that a site of modi-
fication may directly influence the enzyme that is responsible
for a second modification. For example, modifications on
the NH2-terminal tails of the core histones might regulate the
binding of Dot1p, the methyltransferase responsible for the
methylation of histone H3 K79, to the nucleosome. These
modifications could also influence H3 K79 methylation by
regulating the catalytic activity or processivity of Dot1p. The
second type of mechanism would involve effects on other
enzymes that modulate H3 K79 methylation and H3 K56
acetylation. Principally, this would include interactions, in
trans, that would regulate the binding or catalytic activity of
histone demethylases (HDMs) and histone deacetylases
(HDACs) that are specific for these modifications. For H3 K56
acetylation this would include the HDACs Hst3p and Hst4p
whereas the histone demethylases specific for H3 lysine 79
are yet to be identified. The third class of mechanism, appli-
cable to H3 K79 methylation, would be effects of other histone

modifications on the ubiquitylation of histone H2B. As H2B
ubiquitylation directly impacts H3 K79 methylation, any his-
tone modifications that regulate H2B ubiquitylation would also
indirectly effect H3 K79 methylation. Finally, this histone
crosstalk could be functioning through global alterations in
chromatin, transcription or DNA replication. For example, H3
K79 methylation occurs in regions of euchromatin and altering
the balance between euchromatin and heterochromatin
would have the effect of changing the levels of H3 K79 meth-
ylation. For example, the acetylation of histone H4 K16, iden-
tified here as a residue that influences H3 K79 methylation,
regulates the binding of SIR proteins and the formation of
silent chromatin structure in yeast. Hence, mutations at this
site might function by altering the distribution of heterochro-
matin and euchromatin, which would then indirectly change
H3 K79 methylation levels.

Taken together, these results identify several novel net-
works of histone modification crosstalk that modulate the
pattern of methylation of histone H3 K79 and acetylation of H3
K56 either via direct or indirect pathways (summarized in Fig.
5). The modification state of these residues is much more
sensitive to the overall state of histone modification and the
functional interactions between histone post-translational
modifications are more complex than previously appreciated.
The approach described here will enable a more comprehen-
sive and quantitative analysis of these complex interactions.
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