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Post-translational modifications (PTMs) of proteins in the adult brain are known to mark activity-
dependent processes for complex brain functions such as learning and memory. Multiple PTMs occur
in nerve cells, and are able to modulate proteins in different subcellular compartments. In synaptic
terminals, protein phosphorylation is the primary PTM that contributes to the control of the activity
and localization of synaptic proteins. In the nucleus, it can modulate histones and proteins involved
with the transcriptional machinery and, in combination with other PTMs such as acetylation, methylation
and ubiquitination, acts to regulate chromatin remodelling and gene expression. The combination of
histone PTMs is highly complex and is known to be unique to each gene. The ensemble of PTMs in the
adult brain, however, remains unknown. Here, we describe a novel proteomic approach that allows
the isolation and identification of PTMs on synaptic and nuclear proteins, in particular on histones.
Using subcellular fractionation, we identified 2082 unique phosphopeptides from 1062 phosphoproteins,
and 196 unique PTM sites on histones H1, H2A, H2B, H3 and H4. A comparison of phosphorylation
sites in synaptic and nuclear compartments, and on histones, suggests that different kinases and kinase
motifs are involved. Overall, our data demonstrates the complexity of PTMs in the brain and the
prevalence of histone PTMs, and reveals potentially important regulatory sites on proteins involved in
synaptic plasticity and brain functions.
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Introduction
The acquisition and storage of information in memory

requires specific long-lasting changes in gene expression. These
changes involve multiple neuronal components in distinct
subcellular compartments that include synaptic terminals and
the nucleus. Among these components, neurotransmitter
receptors and associated proteins at synapses, and histone
proteins in the nucleus, are important because they allow the
coupling of synaptic events to intracellular signal transduction
pathways and to activity-dependent gene expression. These
signaling pathways rely on reversible and site-specific post-
translational modifications (PTMs) of proteins in synaptic and
nuclear compartments. Protein phosphorylation, in particular,
is a key regulatory PTM that is highly dynamic and reversible.
The switch between phosphorylation and dephosphorylation
is controlled by the balance of protein kinases and protein
phosphatases. This balance regulates multiple synaptic and
nuclear proteins, including transcription factors and compo-
nents of the transcriptional machinery for the control of gene
expression. In addition to phosphorylation, other PTMs includ-
ing acetylation, methylation and ubiquitination are also re-

quired. When occurring on histone proteins, they can change
chromatin structure and modulate transcriptional activity.
Histone PTMs are highly dynamic and are controlled by
multiple enzymes that colocalize to form histone-modifying
complexes. The best characterized PTM is histone acetylation,
which is catalyzed by histone acetyl transferases (HATs) and
reversed by histone deacetylases (HDACs). Histone methylation
is mediated by methyltransferases (HMTs), and demethylation
by histone demethylases, while histone ubiquitination is
induced by ubiquitin conjugating enzymes. Recent studies have
demonstrated that histone H3 phosphorylation and acetylation
are induced during memory formation, and that they occur
through signaling pathways involving IκB and MAPKs.1 Ad-
ditional evidence has also suggested that the epigenetic regula-
tion of chromatin structure mediates long-lasting changes that
strongly influence behavior and cognitive functions.2 However,
these studies have not examined the complete ensemble of
PTMs that can occur on brain proteins, and to date, a complete
map of protein PTMs in synaptic and nuclear compartments
is lacking. Such a map in the brain is, however, a prerequisite
to a better understanding of signaling pathways underlying
synaptic plasticity and higher-order cognitive functions.

Mass spectrometry (MS) is an ideal tool for generating such
a map, and for analyzing and identifying de novo protein PTMs.
Its application in neuroscience has grown significantly over the
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past years and has allowed novel analyses of biochemical
processes in the nervous system.3 Several recent studies have
for instance revealed the existence of thousands of phospho-
rylation sites on brain proteins.4-6 However, while these
analyses have been performed on brain tissue, to date, histone
PTMs have been almost exclusively identified in cultured cells.
Since in vitro conditions do not necessarily reflect in vivo
conditions,7 their identification may be biased and require
confirmation in in vivo preparations.

To achieve a physiologically relevant method for the iden-
tification of protein PTMs in vivo, we applied high mass
accuracy MS/MS to synaptic, nuclear and histone proteins
extracted from the adult mouse brain. This approach enables
us to detect and identify with high confidence novel PTM sites
on key synaptic, nuclear and histone proteins. These sites were
found on proteins belonging to diverse functional groups, and
their features, for instance phosphorylation motifs, were re-
vealed to differ between synaptic, nuclear, and histone proteins.
Overall, these analyses highlight the existence of an extensive
pool of histone PTMs in the brain.

Materials and Methods

C57BL/6 Mice. Brain tissue isolated from adult 6-12 month
old C57BL/6 mice was used for all experiments. Mice were
maintained in standard conditions under a reversed light cycle
(dark phase, 7 a.m. to 7 p.m.). All experiments were carried
out in accordance with guidelines and regulations of the
Cantonal Veterinary Office, Zürich.

Subcellular Fractionation of Brain Tissue. Synaptosomes
and synaptic membranes were isolated as described previ-
ously.4 Briefly, mice were sacrificed by cervical dislocation and
the cortex was rapidly removed and washed in ice-cold buffer
A (0.32 M sucrose, 4 mM HEPES, pH 7.4, 1× protease cocktail
inhibitor and phosphatase inhibitor cocktail I and II (Sigma)).
The tissue was homogenized in 10 vol of buffer A by 10 up-
and-down strokes of a homogenizer. The resulting homogenate
was centrifuged at 1000g for 10 min to remove nuclei and cell
debris, and the supernatant was collected. The pellet was
washed again and both supernatants were combined. The
combined supernatants were centrifuged at 17 000g; the pellet
was washed, layered on a 1.2 M sucrose gradient, and then
centrifuged at 15 000g for 20 min. The interphase was collected,
layered on a 0.8 M sucrose gradient, and spun again at 15 000g
for 20 min to give a pellet containing synaptosomes. Synap-
tosomes were lysed by hypotonic shock in 9 vol of H2O, HEPES
was added to give 4 mM, and samples were incubated with
shaking for 30 min on ice before centrifugation at 25 000g to
pellet membranes. The resulting synaptic membranes were
mixed with 0.32 M sucrose, layered over a 0.8 M sucrose
solution, and centrifuged for 20 min at 230 000g to separate
synaptic membranes and mitochondria from myelin. The pellet
containing synaptic membranes and mitochondria was resus-
pended in 0.32 M sucrose, layered over a 1.2 M sucrose
solution, and centrifuged for 20 min at 230 000g to pellet
synaptic membranes and then snap frozen. Nuclei were
obtained by homogenizing brain tissue in lysis buffer (Sigma
Nuclei Pure isolation kit) with the addition of 1× protease
cocktail inhibitor and phosphatase inhibitor cocktail I and II
(Sigma). Homogenates were mixed with 2 vol of 1.8 M sucrose
and layered on top a 1.8 M sucrose gradient. Nuclei were
pelleted by centrifugation at 13 000g for 45 min and then snap
frozen at -80 °C until analyzed.

Histone Isolation and Fractionation. Isolated nuclei were
resuspended in 400 µL of 0.4 N H2SO4 and incubated for >2 h
at 4 °C with end-over-end rotation, then centrifuged at 16 000g
for 10 min to remove nuclear debris. The histone-containing
supernatant was transferred to a new tube and the histones
were precipitated by the dropwise addition of 132 µL of
trichloroacetic acid (TCA) followed by a 30 min incubation on
ice. After centrifugation at 16 000g for 10 min, the pellet
containing histones was washed twice with ice-cold acetone
and centrifuged a second time. The pellet was then dissolved
in 100 µL of H2O, sonicated for 10 min, and spun at 13 000
rpm for 10 min, and the supernatant was loaded on an Agilent
C8 column attached to an Agilent HP1100 binary HPLC system.
Histone variants were separated and eluted with the following
gradient: 0-5 min, 0% solvent B; 5-15 min, 0-35% Buffer B;
15-25 min, 35% Buffer B, 25-75 min, 35-65% Buffer B (see
Supplementary Figure 2). Buffer A was 5% acetonitrile (ACN)
in 0.1% TFA and Buffer B was 90% ACN in 0.1% TFA.8

In-Solution Trypsin Digestion of Synaptic and Nuclear
Proteins. For tryptic digestions, synaptic and nuclear protein
fractions were desalted by acetone precipitation and then
solubilized in 50 mM ammonium bicarbonate, pH 8.0, and 0.1%
TX-100. Samples were reduced with 12.5 mM dithiothreitol
(DTT) for 30-60 min and alkylated with 40 mM iodoacetamide
for 1 h. Samples were digested overnight with trypsin (Promega)
at 37 °C (1:30 enzyme/substrate).

In-Solution Semitryptic Digestion of Histone Proteins. For
semitryptic digestions, RP-HPLC fractions of histones were
collected, lyophilized and redissolved in 50 mM ammonium
bicarbonate, pH 8.0. The samples were heated for 15 min at
60 °C prior to digestion for 2 h with trypsin (Promega) at
37 °C (1:200 enzyme/substrate). TFA was added to a final
concentration of 0.1% to stop the digest. To prevent potential
chemical artifacts,9 histone samples were not alkylated with
iodoacetamide.

SCX-HPLC Enrichment of Phosphopeptides Prior to IMAC/
TiO2. The peptide digests were acidified to pH < 3 with 10%
TFA, and ACN was added to a final concentration of 25%. The
solution was then centrifuged at 16 000g for 10 min to remove
insoluble matter. Peptides were loaded onto a 4.6 × 200 mm
polySULFOETHYL aspartamide A column (PolyLC) on an
Agilent HP1100 binary HPLC system. Phosphopeptide rich
fractions were eluted with an increasing KCl gradient (0-105
mM over 30 min and 105 mM to 350 mM over the following
20 min) in 10 mM KH2PO4 and 25% ACN, pH 3, as described
previously.4 The early eluting phosphopeptide-rich fractions
were lyophilized to remove acetonitrile, desalted with Sep-Pak
reversed-phase cartridges (Waters, U.K.) and lyophilized again
prior to phosphopeptide enrichment with IMAC or TiO2.

IMAC Phosphopeptide Enrichment. Iminodiacetic acid-
coupled sepharose Fast-Flow Beads (Amersham Biosciences)
were washed with 5 vol of H2O, 5 vol of wash buffer (74:25:1
H2O/ACN/acetic acid), and 5 vol of 1 mM FeCl3 before
equilibration with 5 vol of wash buffer. Peptides were loaded
onto 75 µL of a 25% bead-slurry and incubated at room
temperature for 30 min. The samples were carefully washed
three times with wash buffer and eluted with 100 mM sodium
phosphate buffer, pH 8.9, as described previously.4 Samples
were concentrated and desalted with C18 MicroTip Columns
(Nest Group), lyophilized and stored at -80 °C prior to MS
analysis.

TiO2 Phosphopeptide Enrichment. Two milligrams of TiO2

resin (5 µm titanosphere, GL Sciences) was washed consecu-
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tively with 200 µL of H2O and 200 µL of methanol, then
equilibrated with 300 µL of saturated phthalic acid solution
(80% ACN, 0.2% TFA, phthalic acid). Peptides were resuspended
in 300 µL of phthalic acid solution, applied to the TiO2 resin,
then incubated for 15 min with end-over-end rotation. The
resin was washed twice with 200 µL of phthalic acid solution,
then once with 300 µL followed by 150 µL of 80% ACN and
0.1% TFA solution, then twice with 300 µL of 0.1% TFA.
Phosphopeptides were eluted twice with 150 µL of 0.3 M
ammonium hydroxide solution, and quickly acidified to
pH < 3 using 10% TFA. Samples were concentrated and desalted
with C18 MicroTip Columns (Nest Group) before lyophilization
and stored at -80 °C prior to MS analysis.

MS Analysis. Samples were analyzed on a 4800 Proteomics
Analyzer MALDI TOF/TOF, ESI-LTQ-FT or ESI-LTQ-Orbitrap
as described in the Supplementary Methods.

Database Analysis. MS and MS/MS data were searched using
Mascot version 2.1.10 Database searches of MS/MS spectra were
performed using a mouse protein database downloaded from
the European Bioinformatic Institute (EBI, 42 656 sequences;
20 120 892 residues, release date: 29/04/2008). Modifications
used for searches included carbamidomethyl (C, fixed, nonhi-
stone searches), phosphorylation (STY, variable), pyro-Glu (N-
term Q, variable), acetyl (N-term protein and K, variable,
histone searches), mono-, di-, and trimethylation (R and K,
variable, histone searches) and the GlyGly and LRGG motifs
for ubiquitination (K, variable, histone searches). Only strictly
tryptic peptides11 with a maximum of 1 (fully tryptic digests)
or 3 (semitryptic histone digests) missed cleavage sites were
allowed in database searches. For ThermoFinnigan LTQ-FT and
Orbitrap measurements, the monoisotopic masses of +1, +2
and +3 charged peptides were searched with a peptide toler-
ance of 6 ppm and an MS/MS tolerance of 0.5 Da for fragment
ions. For MALDI measurements, the monoisotopic masses of
+1 charged peptides were searched with a peptide tolerance
of 25 ppm and MS/MS tolerance of 0.2 Da for fragment ions.
Data was searched against a forward-reverse concatenated
mouse database to calculate the false discovery rate.12,13

Positive Identification of Modified Residues. Positive iden-
tification of phosphorylated, acetylated, methylated or ubiq-
uitinated peptides was performed using a variety of strict
criteria including manual inspection of spectra. Only bold-red,
rank 1 peptides with Mascot expect values of less than 0.05
were considered. Normalized delta ion-scores were calculated
for all phosphopeptides by taking the difference in the ion score
for the two top ranking peptides and dividing that difference
by the first ranking peptide’s ion score.4,14 All phosphopeptides
with normalized delta ion-scores of less than 0.4 were evaluated
for precise site assignment, and ambiguous sites were indicated
by parentheses. In addition, spectra from all peptides derived
from histones were manually validated for site placement and
ambiguous sites indicated by parentheses. The confirmation
of modification sites was primarily based on the presence of
site-specific singly or doubly charged b and y type fragment
ions (b and y ions generated by cleavages between two
potentially modified residues). Relative intensities of essential
diagnostic fragment ions were checked in MS/MS spectra. Rules
for increased or decreased peptide cleavage probability were
taken into account (enhanced cleavage on the N-terminal side
of proline and the C-terminal side of aspartic acid; reduced
cleavage on the C-terminal side of proline). All identified
peptides with PTMs and their respective spectra are listed in
Supplementary Figure 10 and Supplementary Table 1 (Synaptic

and Nuclear phosphopeptides), and Supplementary Figure 11
and Supplementary Table 2 (Histone peptides). For many
spectra, the dominant peak was not labeled by Mascot but
could be manually identified as the precursor ion with neutral
loss or loss of water (see also Figure 4A,C). Using commercially
available histone PTM antibodies, we could also independently
demonstrate the existence of a selection of these histone
modifications in our histone samples (see Supplementary
Figure 6).

Bioinformatics. WebGestalt15 was used to determine sig-
nificantly enriched GO classes. UniProt16 was used for analysis
of biological function, molecular function and cellular location.
Heat plots were generated using Genesis.17 Motif-X18 was used
for extracting PTM motifs and for aligning peptides. WebLogo19

was used for generating frequency plots of amino acids
surrounding the site of modification. Scansite20 was used to
determine likely kinases for detected phosphorylation sites. The
human protein reference database (HPRD) was used for
analyzing phosphorylation motifs.21 PESTfind22 was used to
find hydrophilic regions in histones.

Results and Discussion

A Comprehensive Data Set of PTMs in Subcellular Frac-
tions of the Brain. In the nervous system, many proteins are
subjected to PTMs in an activity dependent-fashion and in
discrete cellular compartments. In synaptic terminals, phos-
phorylation controls basal synaptic functions,23,24 and can
regulate gene expression in the nucleus. The ensemble of
histone PTMs that constitute the ‘histone code’ is a particularly
important mechanism of regulation through which histone
phosphorylation together with methylation, acetylation and
ubiquitination alters the accessibility of DNA to the transcrip-
tional machinery.25 To analyze protein PTMs in distinct sub-
cellular fractions in brain tissue and collect a comprehensive
data set of PTMs sites on brain proteins, we combined methods
for brain tissue fractionation,3,4 phosphopeptide enrichment26

and several MS platforms.27 Subcellular fractionation enabled
us to selectively isolate synaptic, nuclear and histone proteins,
and conduct highly specific analyses (Supplementary Figure 1).
These analyses identified approximately 2000 phosphorylation
sites on synaptic and nuclear proteins, and 196 unique sites of
acetylation, methylation, phosphorylation and ubiquitination
on histone proteins (Tables 1 and 2 and Supplementary Tables
1 and 2). A large number of these PTMs were novel sites located
on key regulatory proteins involved in signal transduction from
synapses to the nucleus, including NR2B, stargazin, PKC and
MAPK (Figure 1D). In total, we identified 142 novel sites of
modification on histone proteins (Figure 3C, Table 1 and
Supplementary Table 2). These results are notable because they
greatly extend the list of currently known PTMs, which to date
was only approximately 60 across all histone variants.7 The
depth of coverage of our analyses is evident by the fact that,
in addition to novel sites, more than two-thirds of all previously
described histone PTMs were identified in our data set (Supple-
mentary Table 3). This was achieved in part by the use of high
accuracy MS/MS that allowed accurate site placement, and
sequence coverage greater than 95% across most histone
variants, which enhanced confidence in peptide and PTM
identification in these analyses. High accuracy data also meant
that the false discovery rate, as determined by reverse database
searches, was only 0.53% at the peptide level. This data overall
represents a significant increase in knowledge and should help
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Table 1. Unique PTM Sites Found on Histones H1, H2A, H2B, H3, H4 and Variantsa
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better delineate the regulatory mechanisms of gene expression
by protein PTMs.

Large-Scale Phosphorylation Site Mapping in Synaptic,
Nuclear and Histone Proteins in Vivo. A total of 2082 unique
phosphopeptides corresponding to 1062 phosphoproteins
were identified in synaptic and nuclear fractions and served
as a reference data set for the analyses of histones. Overall,
in these two fractions, phosphorylation ratios were 85% pS,
14% pT and 1% pY, consistent with other large-scale analy-
ses.28 The majority of peptides were monophosphorylated
(89%), and a small but significant number were biphospho-
rylated (10%) or triphosphorylated (0.8%). No significant
difference in subcellular ratios of pSTY sites was observed
between synaptic and nuclear fractions, except for a slightly
lower level of pY in the nuclear fraction, consistent with the
fact that this site is primarily associated with cytoplasmic
events.29 When comparing this data set to phosphorylation

sites identified on histones, we observed that histones overall
had a lower proportion of pS but a higher level of both pT
and pY (Figure 2C). The reason for this difference is unclear
since the relative proportions of the amino acids S, T and Y
is the same in histones and other proteins (Supplementary
Figure 3). This difference might be due to the action of
different histone-specific kinases and/or phosphatases. As
expected, rough protein abundance estimation using emPAI
(exponentially modified protein abundance index)30 showed
that phosphorylated proteins were generally among the least
abundant proteins identified (Supplementary Figure 8).

Identified Proteins Are from Distinct Categories. Following
identification analyses, we investigated the functional signifi-
cance of collected phosphopeptides and analyzed the an-
notated molecular functions. Gene ontology (GO) analysis
revealed a high functional diversity between these different
fractions (Figure 1A,B). Synaptic and nuclear fractions clearly

Table 1. Continued

a A total of 196 unique PTM sites were found on histones H1, H2A, H2B, H3, H4 and variants. In the peptide sequence, the site/s of phosphorylation
are designated by “p”, acetylation by “ac”, N-terminal acetylation by “ac-“, mono-/di-/trimethylation by “me1, me2 or me3”, respectively, and
ubiquitination by “ub1”. If the site of modification is ambiguous and cannot be assigned to a single residue, the possible region is in parentheses, e.g.,
(Kme1Kme1). For each peptide, the frequency at which it was detected across all experiments, which estimates its abundance,55-57 is indicated in the
‘spectral count’ column.
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differed in their composition, particularly in areas associated
with synaptic functions and translational/transcriptional regu-
lation. Nuclear fractions, for instance, contained a significantly
higher representation of proteins belonging to the GO catego-
ries ‘DNA/RNA binding’ and ‘transcription’. In comparison,

synaptosome and synaptic membrane fractions were signifi-
cantly enriched for GO categories including ‘enzyme/G protein’
and ‘receptor’. As expected, identified histones were catego-
rized into the GO categories representing their major functions
of ‘DNA binding’ and ‘chromatin’ (Figure 1A,B, Supplementary

Table 2. Overview of Phosphorylated Peptide Sequences Identified on Well-Characterized Synaptic and Nuclear Proteins

research articles Tweedie-Cullen et al.
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Figure 1. (A and B) Gene ontology analysis showing that phosphoproteins identified in synaptic fractions (A) belong to functional
groups distinct from those identified in the nucleus (B), in particular, in areas associated with synaptic functions and translational/
transcriptional regulation. (C) Novel histone PTMs were found on all 5 major histone subtypes, with about half found on H1. (D) Novel
PTMs sites described in these analyses were found on proteins involved in key signaling pathways in the synapse, the nucleus and on
chromatin.

Figure 2. (A) Heat map of amino acid frequency surrounding all synaptic and nuclear phosphosites showing that certain amino acids
such as proline (P) in the +1 position are clearly favored. (B) Amino acids surrounding synaptic (top) and nuclear (middle) phosphorylation
sites were different to those found surrounding phosphorylation sites on histones (bottom). (C) Phosphorylated histones have a lower
proportion of pS and a higher level of both pT and pY relative to synaptic and nuclear phosphoproteins.
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Figure 5). These GO analyses, therefore, demonstrate the ability
to target phosphoproteins in specific neuronal compartments
through subcellular fractionation.

Analysis of Phosphorylation Site Motifs and Kinase Speci-
ficity. Kinase specificity typically depends on the primary
amino acid sequence surrounding a given phosphorylation site,
and major kinase classes include the proline-directed baso-
philic kinases and acidophilic kinases.31 To detect differences
in phosphorylation site motifs in distinct fractions, we used
motif-X.18 This allowed us to extract overrepresented patterns/
motifs surrounding pS, pT and pY residues from each of the
synaptic, nuclear and histone phosphorylation data sets (Table
3 and Supplementary Figure 4) and isolate the amino acids
surrounding each phosphorylation site identified. The amino
acid composition surrounding nuclear and synaptic phospho-
rylation sites (Figure 2B, top and middle panels) was similar,

and certain amino acids surrounding the site of phosphoryla-
tion were clearly favored (Figure 2A). However, in comparison,
amino acids surrounding histone phosphorylation sites (Figure
2B, bottom panel), and overrepresented histone phosphoryla-
tion motifs found with Motif-X were distinct from those found
in the synapse and nucleus. We additionally compared the
putative kinase motifs detected with motif-X, with motifs in
the literature using HPRD.21 We found that the majority of the
motifs (16/24) mapped to known kinases and/or binding
motifs, but a third (8/24) were unknown and may therefore
represent novel phosphorylation motifs (Table 3 and Supple-
mentary Figure 4). Furthermore, we predicted kinase/substrate
relationships for all three fractions in our data set using
ScanSite.20 In agreement with the detected motifs, ScanSite
predicted that a large proportion of phosphorylation sites were
targets of proline-directed kinases (CK2, MAPK14, etc.), along

Table 3. Determination of Overrepresented Motifs Surrounding Phosphorylation Sites Using Motif-X18a

a Differences in motifs between sites on histones and sites on nuclear and synaptic proteins were revealed. One-third of the identified motifs could not
be found in the HPRD21 and may represent novel phosphorylation motifs.
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with the other major classes of S/T kinases, including the
basophilic kinases (PKA, PKC alpha/beta/gamma, Akt), acido-
philic kinases (GSK3, CK2, ATM) and pY kinases (Lck, Abl).32

Phosphorylation sites on histone proteins were mainly pre-
dicted to result from the activity of cyclin dependent kinases
(CDKs), which phosphorylate sites with the (S/T)-P-X-K con-
sensus motif33 (Supplementary Table 5). In agreement with this
analysis, currently known kinases that phosphorylate histones
(MSK1, RSK1, CDKs and IPL1) are distinct from kinases in other
subcellular compartments, and are often purely nuclear in
localization and in some cases, bound to chromatin.34 How-
ever, the ScanSite analysis also revealed that for all 3 cellular
fractions, the majority of phosphorylation sites (75%) could not
be assigned to a specific kinase, indicating that kinase motif
information is either incomplete and/or not yet fully understood.

Phosphorylation Is Abundant on All Histones. Phospho-
rylation is perhaps the most interesting histone PTM because
it involves protein kinases and phosphatases that are present
in the cytoplasm and the nucleus, and therefore provides a
direct functional link between intracellular signaling pathways
and chromatin remodelling.34 Surprisingly, nearly half of all
identified phosphorylation sites were found on the linker
histone H1 and subtypes (Figure 1C, Figure 5 and Table 1). It
is thought that the cyclin-dependent kinases (CDKs) are
primarily responsible for H1 linker histone phosphorylation.33,35

While most H1 phosphorylation sites identified in these experi-
ments are within CDK-consensus sequences, novel sites were
found within both, CDK consensus sequences such as Ser 18
(H1.3, H1.4), and outside CDK-consensus sequences, Ser 1
(H1.1, H1.2, H1.3, H1.4), Ser 5 (H1.0), Thr 8 (H1.5), Ser 12 (H1.0)
and Ser15 (H1.0). Analyses with ScanSite identified CDK5 as
the likely kinase for Thr8 phosphorylation on H2B3A, but it
did not identify any likely kinase(s) for other novel sites on H1,
H2A, H2B, H3 or H4, none of which were within known kinase
motifs (Table 1). Our data, therefore, confirms the role of CDKs
in histone phosphorylation, but further strengthens the notion
that histone phosphorylation is mediated by additional kinases
targeting currently unknown phosphorylation motifs.33,36

Histone Acetylation and Methylation. Acetylation and me-
thylation of the ε-amino group of lysine and guanidinyl group
of arginine residues are the most frequent PTMs on histone
proteins37 (Figure 5). Acetylation of histones is usually linked
to transcriptional activation, whereas methylation can result
in either activation or repression, depending on the modified
residue and the surrounding PTMs on the histone.2 Unlike
phosphorylation, little is known about the specificity of the
enzymes that generate these modifications. Acetylated and
methylated lysine and arginine residues were extremely com-
mon on identified histone peptides in our samples. However,
despite the number of previously identified sites, novel PTMs
were detected on all core and linker histones (Figure 3 and
Table 1), particularly on N- and C-terminal tails (Supplemen-
tary Figure 7). Several novel sites identified here (in the mouse)
have been demonstrated to play specific roles in yeast, such
as N-terminal H4 acetylation in chromatin binding,38 and
H3K36 methylation in transcriptional activation.39 These sites
may have similar roles in the mouse but will need further
analysis. However, most novel sites presented here have not
yet been studied or identified in other species. In general, we
observed that dimethylated lysine residues were the most
frequent (67%), and trimethylated the least frequent (5%). This
is an interesting finding because each PTM is proposed to have

a different impact on gene expression, and trimethylation is
thought to be the most stable mark.40

Histone Ubiquitination Is a Common Histone PTM. Ubiq-
uitination is a PTM classically associated with protein degrada-
tion in the cytosol,41 that has only recently been shown to occur
on histones. Ubiquitination involves the addition of a large
molecule (ubiquitin, 76 amino acids) that can be chained
together to polyubiquinate proteins. While polyubiquitination
marks proteins for degradation by the 26S proteasome, monou-
biquitination has signaling purposes. It can be reversed by
ubiquitin-specific proteases (USPs),42 and when occurring on
H2B and H2A, it is thought to function as a master switch

Figure 3. (A) PTMs co-occurring on the same peptide were plotted
on a heat-chart to visualize the frequency of co-occurrence of
different histone PTMs. Certain combinations were clearly more
frequent than others, reinforcing the idea that the histone code
has specific combinations of PTMs. (B) A total of 65 sites were
identified on H3.1, H3.2, H3.3 and H4 in these analyses. PTMs
depicted above were novel at the time of writing. Several of these
sites are in close proximity to, or on the same residue as, those
known to be involved in memory formation such as H3S10 and
H3K14.
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regulating multiple modifications on other histones.43 Actively
transcribed genes are known to be enriched in H2B ubiquiti-
nation, while inactive genes are enriched in H2A ubiquitina-
tion.44,45 The mechanisms by which ubiquitin increases gene

expression are not known but may involve the physical opening
of chromatin through a ‘wedging process’,37 and may perhaps
also favor histone proteolysis.46 To date, ubiquitination in the
mouse has only been found on histones H2A (monoub K119
mediated by PRC1L), H2B (monoub K120 mediated by Rad6/
Bre1)40 and H1 (K46 and K116).33 Here, we identified 30
additional sites on histone H2A (8 sites), H2B (5 sites), H1 (12
sites), and H4 (2 sites) (Figure 3B and Table 1), in addition to
the currently known sites on H2A and H2B. Analyses with
PESTfind, a tool that locates regions rich in P, E, S, and Ts,
which are associated with ubiquitination and are common on
short-lived proteins,47 did not show any such regions on
histone proteins, except on the N-terminal region (residues
1-28) of H1.5. This is consistent with histones being long-lived
molecules and with histone ubiquitination being more likely
associated with chromatin remodelling than with targeting the
protein for degradation. The frequency of these PTM sites in
our data set suggests that it potentially has a much larger role
in chromatin remodelling than currently thought, but further
experiments are needed to determine if these residues are
mono- or polyubiquitinated.

Histone H1 and Histone Cores Are Extensively Modified.
The role of the four core histones in the ‘histone code’ has been
extensively studied, but little is known about the linker histone
H1 and its variants. H1 is subjected to all four types of PTMs,
but its peptides are also frequently found nonmodified, indi-
cating that PTMs on H1 are dynamic and unstable. Recent
studies have shown that many PTM sites are in regions thought

Figure 4. Mass spectra from selected novel histone PTMs. (A) H3pY55 tyrosine phosphorylation, (B) H4K78ub1 lysine ubiquitination,
(C) H1.1ac-pS1 N-terminal acetylation with serine phosphorylation, and (D) H4R36me1 arginine methylation.

Figure 5. The majority of the sites identified were either acety-
lation or methylation sites, about 25% were phosphorylation sites
and 16% ubiquitination sites. The large proportion of ubiquiti-
nation indicates that this PTM is a lot more prominent on
histones than anticipated, which suggests that it may have a
much larger role in the histone code than previously thought.
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to be involved in binding to nucleosomal DNA33 and potentially
in gene repression.48 To date, most known histone PTMs are
located in the flexible tail protruding from the nucleosome.
However, recent MS analyses have shown that they can also
occur in the central histone-fold domains and C-terminal
regions.33,49 Accordingly, we found PTMs not only on C- or
N-terminal tails, but also in the histone core. For H1, 14% of
PTMs were found in the core (86% in tail), 4% for H2A, 5% for
H2B, and 6% for H3 and H4 (see Supplementary Figure 7). In
the case of H1, the fact that many PTMs were found in regions
not involved with DNA binding suggests a potential role for
H1 in ‘cross-talk’ between core histone PTMs and gene
expression.

Close-Range Combinatorial Patterns of Histone PTMs. The
histone code hypothesis proposes that PTMs co-occur in
specific combinations and patterns, and can regulate each
other through controlled ‘cross-talk’.49,50 Some PTMs can
influence the occurrence of other subsequent PTMs through
steric hindrance or by enhancing/impeding the binding of
histone modifying enzymes.49 Because of the global approach
used in our analyses, we were able to not only examine
individual PTMs, but also their combinations on identified
peptides. Since the average peptide length obtained from
histones was 14 amino acids, the observed PTMs were close
together, which may increase their propensity for crosstalk.
Particular combinations of PTMs such as N-terminal acetyla-
tion together with phosphorylation at S2 and T3, and/or
acetylation/methylation at K17 and K22, were frequently
observed. Ubiquitination and pY in comparison were typically
observed alone (Figure 3A). We also determined whether
published ‘rules’ for the histone code2 were observed in our
data set, in particular, whether modifications known to be
mutually exclusive were found together or not. Consistent with
the literature, sites such as H3K4me1 and H3K9ac, thought to
be mutually exclusive,49 were never seen together on any
identified peptides. Furthermore, H3K9me1 was seen both in
isolation and in combination with H3K14ac, a PTM thought
to be inhibitory but not mutually exclusive with H3K9me1.49,51

Additional interesting sites of potential crosstalk are novel di-
and trimethylation (H3K14) found in close proximity to H3S10,
a key phosphosite for long-term memory.34,52 H3K14me1, but
not mono- or dimethylation, was ever observed in combination
with H3pS10. Recent studies have also demonstrated that H3
variants have distinct PTM patterns, leading to the H3 ‘barcode
hypothesis’.53,54 Consistent with this, we detected differences
in PTMs on N-terminal tails of H3.1/3.2 and H3.3 (Figure 3B).
Overall, this data points to the multiplicity of the histone code
and the need for combinatorial analyses of histones PTMs in
future studies of synaptic functions.34,43

Conclusions

The findings presented here provide an extensive mapping
of PTMs on histone proteins in the brain, and on other major
synaptic and nuclear proteins. The data demonstrates that
histones PTMs are much more prevalent than previously
thought, which further strengthens their importance for regula-
tory mechanisms in the brain. We show that ubiquitination
frequently occurs on all histones and, in particular, on the
linker histone H1. All PTMs were found to occur on both the
core and tail regions of histones demonstrating the complexity
of the regulatory mechanisms in which they are involved.
Future studies are required to determine the biological signifi-
cance of these PTMs and their various combinations, and are

expected to provide important new insight into the regulation
of gene expression and chromatin remodelling in the brain. In
addition, the data further strengthens the need for systems
approaches to study the combinatorial patterns of histone
PTMs using technologies such as ETD and top-down proteomics.

Abbreviations: ac, acetylation; ac-, N-terminal acetylation;
CNS, central nervous system; Da, dalton; GO, gene ontology;
HPLC, high performance liquid chromatography; HDAC, his-
tone deacetylase, IMAC, immobilized metal affinity chroma-
tography; me1/me2/me3, mono/di/trimethylation; MS, mass
spectrometry; p, phosphorylation; PSD, postsynaptic density;
PTM, post-translational modification; RP, reversed phase; SCX,
strong cationic exchange; Ser(S)/Thr(T)/Tyr(Y), serine/threo-
nine/tyrosine; TiO2, titanium dioxide; ub1, ubiquitination.
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