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bstract

Post-translational modifications (PTMs) of histones are intimately involved in chromatin structure and thus have roles in cellular processes
hrough their impact on gene activation or repression. At the forefront in histone PTM analysis are mass spectrometry-based techniques, which
ave capabilities to produce improved views of processes affected by chromatin remodeling via histone modifications. In this report, we take the
rst mass spectrometric look at histone variant expression and post-translational modifications from histones isolated from rat brain tissue. Analyses
f whole rat brain identified specific histone H2A and H2B gene family members and several H4 and H3 post-translational modification sites by
lectron capture dissociation (ECD) mass spectrometry. We subsequently compared these results to selected rat brain regions. Major differences
n the expression profiles of H2A and H2B gene family members or in the post-translational modifications on histone H4 were not observed from
he different brain regions using a Top Down approach. However, “Middle Down” mass spectrometry facilitating improved characterization of the

istone H3 tail (1–50 residues), revealed an enrichment of trimethylation on Lys9 from cerebellum tissue compared to H3 extracted from whole
rain, cerebral cortex or hypothalamus tissue. We forward this study in honor of Professor Donald F. Hunt, whose pioneering efforts in protein and
TM analyses have spawned new eras and numerous careers, many exemplified in this special issue.
ublished by Elsevier B.V.
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. Introduction

Genetic information in the eukaryotic nucleus is packaged
nto the fundamental unit of chromatin, the nucleosome, largely
hrough association with histones. This histone-DNA complex
onsists of a protein octamer composed of two copies each of

istones H2A, H2B, H3 and H4, around which approximately
47 bp of DNA are wrapped [1,2]. This basic repeating unit
f chromatin is further compacted and folded into a fiber, as

∗ Corresponding author at: 600 S. Matthews Avenue., 53 Roger Adams Lab-
ratory, Urbana, IL 61801, United States. Tel.: +1 217 244 3927.
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tron capture dissociation (ECD)

djacent nucleosomes are linked by another complex consisting
f histone H1 and linker DNA. Once regarded as merely static
tructural proteins needed to create the chromatin fiber, recent
esearch has revealed histone proteins to be highly dynamic and
ntricately involved in the regulation of gene expression during
everal key cellular events. At the center of the regulatory process
re the vast amounts of post-translational modifications (PTMs)
hat have been described to occur on histones and are linked to
istinct cellular processes [3–5]. Core histones are known to be
ighly modified through lysine acetylation or methylation, and

o a lesser extent by lysine ubiquitination, arginine methylation,
nd serine or threonine phosphorylation. These modifications
re largely found on the N-terminal histone tails that protrude
rom the nucleosome.

mailto:Kelleher@scs.uiuc.edu
dx.doi.org/10.1016/j.ijms.2006.07.022
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Chromatin is generally categorized into two biologically and
hysically distinct forms: euchromatin, or open chromatin, that
s transcriptionally permissive and heterochromatin, which is

ostly transcriptionally silenced. These two different states of
hromatin have been associated with specific histone PTMs,
ence, these modifications have been postulated to form a “His-
one Code” that is read by other nuclear proteins and directs
ellular physiology in an epigenetic fashion [6,7]. Formally, the
Histone Code” hypothesis states that modifications or com-
inations of modifications on distinct histone residues act as
binding platform to recruit “effector” proteins which lead to

ene activation or repression. Examples of this process include
he proteins Heterochromatin protein 1 (HP1) and Polycomb
hich bind methylated Lys9 and methylated Lys27 on histone
3 and lead to gene silencing and formation of heterochro-
atin [8,9]. Other modifications that are linked to gene activation

nclude Lys9 acetylation, Lys4 methylation, and Lys79 methy-
ation on histone H3 [10,11] and tetraacetylation of Lys5, Lys8,
ys12 and Lys16 on histone H4 [12], however, identities of the
effector” proteins that may bind these marks remain elusive.
nother mechanism of epigenetic gene regulation may also be

ncoded in the expression and exchange of histone gene family
embers (variants) [13,14], exemplified by the enrichment of

he histone H2A family member, macroH2A on the X chromo-
ome [15]. As appropriate regulation of gene-specific expression
s critical to normal cell cycle progression and differentiation,
nd is disrupted in various disease states, interest continues
o grow in the dynamics of histone modification and variant
xpression.

Interest in chromatin modification has grown particularly
apidly in the neurosciences. The mechanisms of action of a
ariety of neurological processes or disorders, and treatments
or these disorders, may involve regulation of gene expression
n various pathways which can be influenced by histone post-
ranslational modifications. For example, it has been reported
hat an increase in histone H3 (but not H4) acetylation corre-
ates with the induction of long term memory formation in the
A1 area of the hippocampus following contextual fear con-
itioning in mice [16]. This study furthermore determined that
nduction of long term memory potential was enhanced by the
dministration of the histone deacetylase inhibitors trichostatin
or sodium butyrate which elevate levels of histone acetylation.
hanges in overall chromatin structure and histone modifica-

ions have also been described in the suprachiasmatic nucleus
SCN) when animals are exposed to light pulses aimed at reset-
ing their circadian rhythm cycles [17]. Specifically, these dis-
rete phase-resetting light pulses increase the acetylation of his-
one H3 and H4 associated with the promoter regions of Per1 and
er2 genes (important proteins involved in the transcriptional
eedback loop of the circadian clock) and also increase overall
istone H3 phosphorylation in the SCN. Finally, several reports
ave investigated and determined that histone post-translational
odifications may be involved in regulation of events related
o acute and chronic seizures, drug induced neuroadaptations,
chizophrenia or bipolar disorders, and several different histone
eacetylase compounds are currently being tested for antipsy-
hotic effects [18–22].
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Many investigations of histone PTMs have relied upon using
ite-specific antibodies to detect modifications. However, due
o limitations affecting the use of these antibodies, including
ross-reactivity and loss of specificity due to other modifica-
ions within the recognized epitope (epitope occlusion) [23],

ass spectrometry has been increasingly used for the charac-
erization of histone PTMs in both qualitative and quantitative

anners [24–35]. Bottom Up mass spectrometric sequencing
as been primarily used to analyze histone PTM states [25–29].
lthough Bottom Up methods have advantages in sensitivity

largely due to the ionization of some peptides being better
han intact protein), especially when coupling peptide analy-
is with on-line nanoLC–MS/MS techniques, Top Down mass
pectrometry has some inherent properties that make it attractive
or histone PTM investigations. Top Down analysis of proteins
s somewhat simpler in nature, as the Bottom Up analysis of
roteins involves detecting and interrogating many more pre-
ursor ions from a complex mixture of many peptides. More
mportantly, the assignment of PTM combinations is practically
mpossible with a Bottom Up approach unless the PTMs reside
n the same peptide, so the discovery of a true comprehensive
ombinatorial histone code appears well-suited for Top Down
ass spectrometry [30–35]. This most recently propelled by the
ajor advancement of Electron Transfer Dissociation by the
unt lab [35].
In this report, we detail the first analysis of histones from brain

hromatin using electron capture dissociation (ECD) mass spec-
rometry from whole rat brain and selected brain sub-sections.
esults categorized all the H2A and H2B gene family members

hat are expressed in the brain, as well as some low occupancy
TMs associated with these proteins. Interrogation of histones
4 and H3 by ECD allowed for the assignments of PTMs to

everal sites within each protein. Furthermore, we have adapted
n ECD-based analysis of the largest core histone (H3) by tar-
eting the first 1–50 residues as recently described by Hunt and
o-workers [35]. Analysis of all four histones from whole brain
nd brain sub-sections including the cerebral cortex, cerebellum
nd hypothalamus indicate that no major differences in histone
TM profiles or variant expression exist between the tissues,
xcept for one major finding: histone H3 Lys9 trimethylation is
nriched in the cerebellum, the significance of which remains
nknown. This work highlights the potential that Top and Middle
own mass spectrometry hold for histone protein characteriza-

ion.

. Experimental

.1. Isolation and purification of core histones from rat
rain tissue

Core histones were extracted from whole brain and other
rain subsections including the cerebral cortex, cerebellum and
ypothalamus from 7- to 8-week-old Sprague–Dawley rats of

ixed gender (Pel-Freez Biologicals, Rogers, AR). Frozen brain

issue was slightly thawed and diced into small cubes and diluted
ith 10 volumes of nucleus isolation buffer (15 mM Tris–HCl;
H 7.5), 60 mM KCl, 11 mM CaCl2, 5 mM NaCl, 5 mM MgCl2,
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#34876384), H2B 291B (Mr 13,780.5 Da, gi #27693406) and
H2Ba (Mr 13,854.5 Da, gi #27671691) (Table 1). ECD con-
firmed the existence of a mixture of H2B 291B (Mr 13,780.5 Da
gi #27693406) and methylated H2B 291B (Mr 13,766.5 Da

Table 1
Histone H2A and H2B variants and post-translational modifications expressed
in rat brain

Histone NCBI gi # Calc. mass
(Da)a

Exp. mass
(Da)b

PTMs

H2B 291B 34876384 13766.5 13767.2 None
H2B 291B 34876384 13780.5 13781.7 Monomethyl
H2B 291B 27693406 13780.5 13781.7 None
H2B 291B 34876384 13808.5 13808.9 Monoacetyl
H2B 291B 27693406 13808.5 13808.9 Dimethyl
H2B 291B 27693406 13822.5 13823.1 Trimethyl
H2Ba 27671691 13854.5 13855.1 None
H2A.1c 122009 13995.7 13996.8 N-Ac
H2A.F/Z 27697448 13369.4 13369.7 None
H2A.Z 55562729 13413.5 13413.6 None
H2A/1 34876391 14021.9 14022.1 N-Ac
H2A.1 27686415 14037.9 14038.1 N-Ac

a Calculated molecular weights of unmodified and modified sequences; all
86 B.A. Garcia et al. / International Journa

50 mM sucrose, 1 mM dithiothreitol, 5 nM microcystin-LR,
00 �M 4-(2-aminoethyl) benzenesulfonyl fluoride (AEBSF)
nd 10 mM sodium butyrate, 0.3% NP-40) before homogeniza-
ion using a PT 3000 Polytron Homogenizer (Littau, Switzer-
and). Nuclei were pelleted by centrifugation, washed with
ucleus isolation buffer (not containing the 0.3% NP-40) and
hen histones were extracted with 0.4N H2SO4 before being
ecovered by trichloroacetic acid (TCA) precipitation. Purity
f histone extractions was assessed by running an aliquot
f the total histone extract on an 18% SDS-PAGE gel fol-
owed by Coomassie blue staining. Separation of total histones
as achieved by loading about 100 �g of total histones onto
4.6 mm × 250 mm C18 column (Vydac, Hesperia, CA) for

everse-phase high performance liquid chromatography (RP-
PLC) (System Gold, Beckman Coulter, Fullerton, CA). His-

ones were separated using a gradient of 30–60% solvent B in
00 min (solvent A = 5% acetonitrile (MeCN) in 0.2% triflu-
roacetic acid (TFA) and solvent B = 90% MeCN in 0.188%
FA). All RP-HPLC fractions were dried to completion and

esuspended in 25–50 �L of deionized water for mass spectrom-
try analysis.

.2. Isolation of the amino-terminus of histone H3 (1–50
esidues)

Additionally, purified histone H3 from pooled RP-HPLC
ractions was digested by endoproteinase Glu-C (Sigma, St.
ouis, MO) as previously described [35]. After dilution of the
3 sample originally dissolved in H2O with 50 �L of 100 mM

mmonium acetate buffer solution (pH 4), the sample was incu-
ated with the protease at a substrate:enzyme ratio of 10:1 at
oom temperature for 4 h and the reaction was quenched by
reezing. The 1–50 amino terminus of histone H3 produced by
lu-C digestion was then purified from the digestion mixture
sing RP-HPLC fractionation as described above. However, the
radient used to fractionate the digestion mixture was a 1% sol-
ent B per minute gradient (solvent A = 5% acetonitrile, MeCN,
n 0.2% trifluoroacetic acid, TFA, and solvent B = 90% MeCN
n 0.188% TFA). The RP-HPLC fractions corresponding to the
–50 residue fragment of histone H3 were dried to completion
nd resuspended in 20 �L of deionized water for mass spectrom-
try analysis.

.3. Mass spectrometry analysis by electrospray ionization
ourier-transform mass spectrometry

Intact histones and the 1–50 histone H3 fragment were diluted
ith electrospray solution consisting of water and methanol

1:1) and 1% formic acid. All data were acquired on a home-built
.5 Tesla quadrupole-FTMS in positive ion mode fitted with a
anoMate 100 (Advion BioSciences, Ithaca, NY) to produce

he nanospray [36]. The NanoMate used ∼12 �L of solution to
utomatically establish the spray. The capillary was heated by

pplying 4 A and the voltage was set at 2160 V. Various charge
tates of the histone proteins were selectively enhanced using the
nstrument’s quadrupole and further filtered using Stored Wave-
orm Inverse Fourier Transform (SWIFT) excitation [36]. For

w

l
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S/MS experiments of selected ion species, electron capture
issociation (ECD) was utilized with a filament bias of approx-
mately 9 V, using 25–200 loops of 8 ms electron pulses. Five
mperes were applied to a dispensor cathode filament (Heatwave
echnologies, Crescent Valley, BC) and ∼10 V were applied on

he grid potential. Data was collected using the modular ICR data
cquisition system (MIDAS) [37]. Fragment ion data collected
ere analyzed using THRASH and/or manually interpreted. All
r values of intact and fragment ions are reported for the neutral
onoisotopic species.

. Results and discussion

.1. Analysis of histone H2B and H2A gene family
embers and PTMs

Acid-extracted total histones from whole rat brain tissue were
ractionated on a C18 column by reversed-phase high perfor-
ance liquid chromatography (RP-HPLC) as shown in Fig. 1A.
istone H2B is the first core histone to elute followed by a peak

ontaining histone H2A gene family members. A peak contain-
ng histone H4 elutes next followed by another set of peaks
ontaining more histone H2A proteins. Lastly, three peaks cor-
esponding to the histone H3 variants H3.2, H3.3 and H3.1 elute
everal minutes later (Fig. 1A). Broadband spectrum of the intact
2B forms followed by quad-isolation (Fig. 1B and C) resulted

n signal enhancement by approximately 15-fold. Characteri-
ation of H2A and H2B variants and their modifications was
ompleted by SWIFT isolation of individual peaks followed
y ECD (Fig. 1C and D). Three unmodified H2B variants are
xpressed in rat brain tissue: H2B 291B (Mr 13,766.5 Da, gi
ith loss of start methionine.
b All values are for the neutral, monoisotopic species.
c This form without any modifications has a Mr 13,937.8 Da, the calcu-

ated mass reported includes oxidation in addition to N-terminal acetylation
13,937.8 + 15.9 + 42.01 = 13,995.7 Da).
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ig. 1. Characterization of histone H2B form rat brain via Top Down mass s
pectrum of intact histone H2B from rat brain tissue, (C) quadrupole enhancem
nd SWIFT-isolated H2B form, (E) representative ECD fragment ions and (F) P

i #34876384) for the peak with a Mr of 13,781.7 Da. Sev-
ral c-type fragment ions from H2B 291B (Mr 13,780.5 Da, gi
27693406) have satellite peaks of −14.1 Da corresponding to
2B 291B gi #34876384 (Fig. 1E). H2B 291B (Mr 13,766.5 gi
34876384) and H2B 291B (Mr 13,780.5, gi #27693406) differ
rom each other by two amino acids. H2B 291B gi #27693406
as a D (aspartic acid) at position 2 (without counting the first
ethionine) and a V (valine) at position 21 (Fig. 1F). H2B 291B

i #34876384 has a E (glutamic acid) instead of a D (aspartic
cid) at position 2 making it +14 Da heavier, however at posi-
ion 21 this form has an A (alanine) instead of a V (V to A shift
s −28 Da) making it −28 + 14 = −14 Da total less than H2B
91B gi #27693406. In order to be present on the 13,781.7 Da
eak H2B 291B gi #34876384 has to be methylated. Histone
2B 291B gi #27693406 fragment ion c19 has a +14 Da satel-

ite peak and c20 is +14 Da heavier. These fragment ions are
vidence for the presence of H2B 291B gi #34876384. Up to
esidue 20, H2B 291B gi #34876384 is 14 Da heavier than H2B
91B gi #27693406 since the first form has an E (glutamic acid)
t position 2 while the second form has a D (aspartic acid). Frag-
ent ions c25, c26, c32, c35, c39, c42 all have −14 Da satellite
eaks. All these fragment ions are after residue 21 which is a V
valine) for H2B 291B gi #27693406 form and A (alanine) for gi
34876384 form. The −14 Da satellite peaks confirm the pres-
nce of H2B 291B gi #34876384 since after residue 21 their net

o
t
w
l

ometry: (A) core histone peaks from a RPLC chromatogram, (B) broadband
f the 17+ charge state with SWIFT isolation, (D) MS/MS (ECD) of the quad-
ht PTM fragmentation map with c and z• ions indicated.

ass is −14 Da (D to E = +14, V to A = −28) less than H2B 291B
i #27693406. The c42 is the last fragment ion with a −14.1 Da
atellite peak; all the c fragment ions after this residue are an iso-
aric mixture of H2B 291B gi #27693406 and methylated H2B
91B gi #34876384 typified by c46 in Fig. 1E. All rat H2B forms
ave two methionines in their sequence with the first one of them
t position 59. Partial oxidation of this residue would result in
2B 291B gi #34876384 (Mr 13,766.5 + 15.9 = 13,782.4 Da) to
e potentially present in the observed isotopic distribution (Mr
3,781.7 Da). The first evidence for an isobaric mixture of oxi-
ized H2B 291B gi #34876384 (Mr 13,766.5 Da) and H2B 291B
i #27693406 (Mr 13,780.5 Da) would be the absence of −14 Da
atellite peaks for fragment ions after residue 59. ECD fragment
ons are consistent with the last observed −14 Da satellite peak
orresponding to c42. This leads us to conclude that H2B 291B
i #34876384 (Mr 13,766.5 Da) is methylated at one of the two
ysines from residue 43 to residue 46.

H2B 291B gi #27693406 (Mr 13,780.5 Da) was also found to
e dimethylated at the same lysine or monomethylated at two dif-
erent lysines simultaneously up to residue 26, while H2B 291B
i #34876384 (Mr 13,766.5 Da) was acetylated (−0.9 ppm) in

ne of the three total lysines from residue 13 to residue 17. The
rimethylated form of H2B 291B gi #27693406 (Mr 13,780.5 Da)
as also observed and as in the case of dimethylation, trimethy-

ation was localized up to residue 26 (−12 ppm).
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Fig. 2. Characterization of N-terminally acetylated histone H2A.1: (A)
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uadrupole enhancement of histone H2A.1 (Mr 13,937.8 Da) and (B) ECD
f Peak 1 (H2A.1) with fragment ions shifted by +42.0 Da corresponding to
cetylation.

H2A variants from rat brain elute in two different RP-HPLC
eaks that were separately characterized by MS/MS. Analysis of
he first chromatographic peak revealed the presence of unmod-
fied H2A.Z gi #55562729 (Mr 13,413.5 Da) and H2A.F/Z gi
27697448 (Mr 13,369.4 Da) (Fig. 2A, Peaks labeled 6 and
, respectively and Table 1). ECD fragment ions (Fig. 2B)
f the monoisotopic distribution labeled Peak 1 in Fig. 2A
orrespond to N-terminally acetylated H2A1 gi #122009 (Mr
3,937.8 Da). The mass discrepancy between acetylated H2A1
13,937.8 Da + 42.01 Da = 13,979.8 Da) and the observed mass
or peak 1 (Mr 13,996.8 Da) is due to oxidation. c6 is the first
on reporting on N-terminal acetylation of H2A1 gi #122009
Mr 13,937.8 Da). Acetylation of this variant at lysine 5 does
ot account for the shift of +42.02 Da observed from c6 since
here are no z• ions that would include lysine 5 with a +42.02 Da
ass shift.
H2A variants that eluted in the second chromatographic

eak (H2A2) were also N-terminally acetylated. These vari-
nts include H2A/1 (Mr 14021.9 Da, gi #34876391) and H2A.1
Mr 14,037.9 Da, gi #27686415) (Table 1). The profile of H2B
xpression from different brain subsections including cerebel-
um, cortex, and hypothalamus did not change (Fig. 3A–D).
imilarly, the profile of H2A from rat brain subsections (cortex,
ypothalamus and cerebellum) also did not show major differ-
nces from the profile of brain tissue (data not shown). Histones
2A and H2B from Tetrahymena and humans are not highly
odified, however, they have more members of their gene fam-

lies versus H3 and H4. In contrast to human histone H2B [34],
istone variants expressed in rat brain tissue show evidence for
higher degree of PTMs, particularly methylation.

.2. Characterization of histone H4 by Top Down mass
pectrometry
ESI-FTMS analysis of the RP-HPLC peak that contained
istone H4 (+15 charge state) from whole rat brain is shown
n Fig. 4A. The broadband mass spectrum (Fig. 4A) revealed

5
o
m
a

ig. 3. Comparison of broadband spectra of histone H2B forms from (A) Cere-
ellum, (B) Hypothalamus, (C) Cortex and (D) Whole brain.

hat the first detectable peak had a mass of 11,285.3 Da, which
s 56 Da higher than predicted for the unmodified protein
11,229.3 Da) and is consistent with one acetyl group and a sin-
le methylation modification. As histone H4 from several organ-
sms has been well characterized to contain an N-�-terminal
cetylation (later confirmed by ECD), we suggest that this pro-
ein form is simply internally modified by the addition of one
ethyl group. The most abundant peak (11,299.5 Da) corre-

ponded to the addition of an N-�-terminal acetylation mark
nd the addition of two methyl groups as this mass is 70 Da
igher than predicted. The next most abundant peak contained a
112 Da mass shift in agreement with the addition of two acetyl
roups (presumably one at the N-terminus), and two methyl
roups (11,341.5 Da). A smaller peak that was assigned the addi-
ion of two acetyl modifications and a methyl modification was
resent at 11,327.5 Da. A very low level peak at 11,383.4 Da
as also observed and this mass corresponds to the accumula-

ion of three acetyl groups and two methyl marks (+154 Da shift).
dditionally, two peaks (labeled with asterisks) were detected

nd ECD revealed that these were due to oxidation of Met85.
ECD fragmentation after quadrupole enhancement and

WIFT isolation of all H4 forms (+15 charge state) is shown in
ig. 4B. Fragment ion masses were calibrated using unmodified
• ions (shown in zoom inset in Fig. 4B). ECD spectra con-
rmed that the N-terminus was acetylated, as a fragment ion at
17.2139 m/z was observed and is assigned as the c+

4 ion with the
ddition of an acetyl group (calculated c+

4 ion plus acetylation
s 417.2106 Da, while the calculated c+

4 ion with trimethylation
s 412.2470 Da). Since the amino acids glycine, serine and argi-
ine are not known to be modified by the addition of acetylation,
nd the N-terminus of H4 has been previously characterized
y mass spectrometry as containing an acetyl group [23], we
onclude that the N-terminus of histone H4 from rat brain is
lso N-�-acetylated. The next fragment ions that were indica-
ive of modifications on histone H4 were detected spanning the

25–675 m/z region, shown as a zoomed inset in Fig. 4B. The set
f c3+

17 fragment ions at 537.9838, and 551.9898 m/z were deter-
ined to come from the unmodified ion at the Lys16 residue and
+42 Da-shifted ion. Since sequence coverage of the protein
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Fig. 4. Top Down characterization of histone H4 from whole rat brain: (A) Broadband mass spectrum of the 15+ charge state of histone H4. The monoisotopic mass
is listed next to each species and oxidized species are indicated with an asterisk, (B) ECD mass spectrum of all precursor ions shown in (A) spanning the 753–763 m/z
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egion, fragmented after quadrupole filter enhancement of the 15+ charge state
o Lys16 and Lys20 post-translational modifications, as well as unmodified ion
B).

howed that Lys5, Lys8 and Lys12 were largely unmodified (see
CD fragment map Fig. 4C), the +42 Da shift was attributed

o an acetylation modification on Lys16 (+1.63 ppm). A look
t the c4+

23 and c4+
24 ions also revealed that mass shifts of +28

nd +70 Da were present from the predicted unmodified ions. A
8 Da shift is consistent with a dimethylation at Lys20, which is
nother well-characterized mark on histone H4. The ion species
t +70 Da (647.3877 m/z) is thus consistent with the addition
f the dimethyl group on Lys20 plus the addition of one acetyl
roup at Lys16 (+3.55 ppm). It should be worth noting that the
on abundance ratios of the c4+

24 and c4+
24 +42 Da ions mirror

he ratios of the intact protein ions (Fig. 4A). A weak signal
orresponding to a second acetylation site at Lys12 was occa-
ionally observed, but no other modifications on histone H4 were

bserved by our methods. We also examined histone H4 from
pecific brain sub-sections including the cerebral cortex, cere-
ellum and hypothalamus, and found no significant changes in
he H4 PTM profiles (data not shown).

b
m
t
s

WIFT isolation (∼200 scans). Zoom inset shows fragment ions corresponding
(C) ECD fragment map generated from assigning the fragment ions shown in

.3. Middle Down mass spectrometry for enhanced
nalysis of histone H3 modifications

Histone H3 gene family members from whole rat brain tis-
ue (and rat brain sub-sections cerebral cortex, cerebellum and
ypothalamus) elute in three distinct reproducible peaks as
abeled in Fig. 1A. H3.2 eluted first and was most abundant. With
istone H3.2 sequences highly conserved across several differ-
nt eukaryotic species such as in all mammals, Xenopus and
rosophila [38], it was targeted for ECD (Fig. 5). Fig. 5A shows

he broadband mass spectrum obtained for the 18+ charge state
f histone H3.2. The theoretical mass of H3.2 is 15,247.5 Da
nd is very close to the experimental mass of the first peak
bserved in broadband mass spectrum (15,247.7 Da). As can

e seen, several peaks corresponding to the addition of one
ethyl equivalent mass can be detected in the spectrum, with

he apex peak containing 10 methyl equivalents. Top Down mass
pectrometry characterization of the modification sites of H3.2
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Fig. 5. Top Down mass spectrometry analysis of intact histone H3.2 from whole rat brain: (A) broadband mass spectrum of the 18+ charge state of H3.2. The first
detectable peak was observed to have a mass in agreement with the unmodified form, (B) ECD mass spectrum (∼300 scans summed) of the precursor ions isolated
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all modified forms, 845–870 m/z range) in (A) following quadrupole enhancem
t Lys9 and (C) ECD fragment map generated from histone H3.2 after assignin

tilized ECD fragmentation of all modified forms en masse
s previously shown [32], following quadrupole enhancement
f all 18+ species and subsequent SWIFT isolation. A typical
CD mass spectrum of H3.2 is shown in Fig. 5B, and the zoom

nset of the region spanning the 528–555 m/z range shows a
et of c2+

9 ions corresponding to Lys9 of H3, a residue which
s well-documented to contain both methylation and acetylation
y both biological and mass spectrometry based methods [4,24].
he c2+

9 ions corresponding to unmodified and monomethylated
ys9 modifications (529.8355 and 536.8408 m/z, respectively)

ere in low abundance, while the most abundant modification

t Lys9 was found to be the dimethylated ion at 543.8449 m/z.
peak corresponding to either trimethylation or acetylation

�m = 0.036 Da) was observed at 550.8547 m/z. Accurate mass

w
r
fi
R

d SWIFT isolation. Zoom inset shows c2+
9 ions corresponding to modifications

fragment ions shown in (B).

f the c2+
9 ion confirmed the modification as trimethylation

+0.7 ppm error) and not acetylation.
Nonetheless, some of the more highly abundant ions in the

CD spectrum were assigned to unmodified z• ions, as depicted
n the ECD fragment map generated for histone H3.2 (Fig. 5C).
his is somewhat unfortunate as the vast majority of histone H3
odifications are known to be found at the N-terminal region of

he protein [4,6]. Therefore, the observed z• ions do not signif-
cantly contribute to mapping the lysine modifications [32]. To
mprove PTM localization, histone H3 variants were digested

ith endoproteinase Glu-C to release a polypeptide spanning

esidues 1–50 (containing nearly all previously known modi-
ed residues), which can be easily generated and isolated using
P-HPLC as recently demonstrated by Hunt and co-workers
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Fig. 6. Middle Down ECD mass spectrometry analysis of whole rat brain histone H3.3 after GluC digestion and RP-HPLC isolation of the 1–50 residue fragment: (A)
broadband mass spectrum of the 8+ charge state of the 1–50 fragment from histone H3.3. Inset mass spectrum shows the distribution of charge states from the H3.3
1–50 residue fragment, (B) ECD mass spectrum of the precursor ions isolated (all modified forms, 670–710 m/z range) in (A) following quadrupole enhancement
a s9, Ly
h (B).
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istone H3.3 (1–50 residue fragment) generated from ECD spectrum shown in

35,39]. The analysis of the 1–50 fragment of histone H3 is
erein referred to as Middle Down mass spectrometry, as we
trategically digested H3 to produce a few large peptides, rather
han the multitude of smaller peptides commonly created in
rypsin-mediated Bottom Up approaches. It is worthy to note
hat this concept has been previously reported for other pro-
eins by Fenselau and co-workers [40,41]. Fig. 6A shows the
roadband mass spectrum of the 8+ charged histone H3.3 1–50
pecies centered around 685 m/z and demonstrates the useful-
ess of the smaller 1–50 piece to baseline resolve. In the gas
hase, the 1–50 residue fragment exists substantially as 6+, 7+,
+ and 9+ charged species as shown in the upper right hand inset
n Fig. 6A. The first peak of the 8+ charged species was found
o have a mass of 5382.2 Da compared to the calculated mass
f the unmodified H3.3 1–50 fragment of 5354.1 Da. The mass
ifference between these two was approximately 28 Da, indi-

ating that the first peak contained two methylations. A similar
istribution of masses separated by ∼14 Da was detected as in
he broadband mass spectrum of intact H3.3, with the apex of the
eaks for the 1–50 fragment containing about 7 methyl equiv-

s
d
n
s

s36 and Lys27 post-translational modifications and (C) ECD fragment map of

lent groups as opposed to about 10 methyl equivalents for the
ntact H3.3 protein. Indeed, a tryptic digestion Bottom Up pep-
ide analysis of rat brain histone H3.3 revealed that modifications
o the C-terminal portion of the protein did exist at Lys79 (mono
nd dimethylation, data not shown). Additionally, we noted that
larger number of phosphate adducts were present on the intact
3 versus the 1–50 fragment, and these adducts being a multi-
le of 14 Da (phosphate = 98 Da) could also add complexity to
he H3 peak distribution. This may also explain why a lower
pex of methyl equivalent groups was observed on the H3 1–50
ragments as opposed to intact protein. We decided to continue
o analyze the 1–50 H3 fragment by ECD as the N-terminus of
3 is highly modified and significant as it protrudes from the
ucleosome recruiting effector proteins such as HP1 [8,42].

An ECD mass spectrum of the H3.3 1–50 residue polypep-
ide is displayed in Fig. 6B. As can be seen, a cleaner MS/MS

pectrum (lower chemical noise level compared to Top Down
ata) was obtained after summing approximately the same
umber of scans (∼300). Ions reporting on Lys9 (c2+

9 ions) are
hown in the upper left hand inset spanning the 528–555 m/z
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egion, and a similar methylation profile (un, mono, di and
rimethyl (550.8562 Da, +3.5 ppm error)) was detected on the
–50 fragment, as dimethylation of Lys9 was the most abundant
odification. Significantly, we found that the z• ions from the

–50 fragment are very useful for assigning modifications to
ys36 (z•2+

15 ion) and Lys27 (z•3+
24 or z•3+

27 ion), as shown in
he inset zoom MS regions of Fig. 6B. An inset spanning the
95–915 m/z region shows the z•2+

14 ions corresponding to Lys36
nmodified (896.5183 m/z), monomethylated (903.5270 m/z)
nd dimethylated (910.5291 m/z). No trimethylation or acety-
ation of Lys36 was recorded. Building on the profile of Lys36,
ons corresponding to Lys27 (z•3+

24 ) spanning the 859–883 m/z
egion were detected. A z•3+

24 ion at 868.8231 m/z which is 28 Da
igher than expected for the unmodified Lys27 residue z

•
24 ion

as seen and attributed to the abundant Lys36 dimethylation
odification first indicated by the z

•
15 ions and no or little mod-

fication at Lys27. However, z•3+
24 ions at 873.5001, 878.1697

nd 882.8435 m/z, respectively, demonstrate that besides Lys36
imethylation, mono, di and trimethylation (+2.7 ppm), but not
cetylation are observed at Lys27. The ion corresponding to

ys36 dimethylation and a possible dimethylation at Lys27 (4
ethyl group equivalents above the unmodified z•3+

24 ion) is
hown as a zoom inset in Fig. 6B. Lys4 was found to be unmod-
fied and monomethylated to a much lesser extent (c+

4 ions

i
a
a

ig. 7. Comparison of post-translational modifications on Lys4 (c+
4 ) and Lys9 (c2+

9
ons reporting on the modification states of Lys4 from histone H3.3. Monomethylatio

ons reporting on the modification states of Lys4 from histone H3.2. No modification

f Lys9 from histone H3.3. The Lys9 residue was observed to exist in unmodified,
eporting on the modification states of Lys9 from histone H3.2. A similar profile can
ass Spectrometry 259 (2007) 184–196

t 474.3162 m/z and 14 Da shifted at 488.3275 m/z, Fig. 6A).
eporter ions at Lys14 (c3+

17 ) and Lys18 (c3+
18 ) indicated that

n overwhelming level of unmodified residues occupy those
ites. The c3+

24 ions reporting on the Lys23 residue showed that
he most abundant ion was at 861.1871 m/z which is +28 Da
igher than expected for an unmodified residue ion (calculated
nmodified c3+

24 ion = 851.8444 m/z). This +28 Da shift is
ttributed largely to the abundant dimethylation at Lys9 rather
han modifications at K14, K18 or K23. However, a weaker
on signal at 875.1957 m/z corresponding to a dimethylation
presumably at Lys9) and an acetylation (+4.8 ppm) indicate
hat K23 is an acetylation site on H3.3 from rat brain tissue. A
ypical ECD fragment map of the H3.3 1–50 residue fragment
howing some of the more abundant modifications is shown in
ig. 6C, and more importantly displays the improved sequence
overage for the amino-terminal polypeptide over the intact H3
rotein. The same modification sites were noted on the histone
3.2 variant after Middle Down analysis using ECD. These

nalyses are consistent with H3 modifications characterized by
ass spectrometry from mouse cells [29].

Recent reports have detailed that H3 variants may be enriched

n certain modifications. For example, in Drosophila, Henikoff
nd co-workers noted an enrichment of modifications associ-
ted with transcriptional activation, such as Lys4 methylation

ions) from histones H3.2 and H3.3 extracted from whole rat brain: (A) the c+
4

n at a low level can be observed as the only modification at this site, (B) the c+
4

s can be easily observed, (C) the c2+
9 ions reporting on the modification states

monomethylated, dimethylated and trimethylated forms and (D) the c2+
9 ions

be observed as in the H3.3 variant.
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F rom histones H3.2 and H3.3 (1–50 residue fragment) extracted from whole rat brain
s s36. The fractional occupancy was calculated from ECD of the +8 charged species.
H n as error bars.
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ig. 8. Comparison of modifications observed in ECD generated c and z• ions f
howing modifications at (A) Lys4, (B) Lys9, (C) Lys23, (D) Lys27 and (E) Ly
istograms depict the average of three values and standard deviations are show

nd acetylation of Lys14, Lys18 and Lys23 in H3.3 as com-
ared to canonical H3 (H3.2 in mammals) [43]. These authors
lso found a decreased amount of Lys9 dimethylation (silencing
ark) on H3.3 as well. Hake et al. also discovered a similar trend

n human histone H3 variants extracted from HEK 293 cells as
ell [44]. Therefore, we decided to compare the modification
rofiles of the histone H3.2 and H3.3 variants to one another
o see if any modifications were found to be enriched on either
rotein. Broadband profiles of the 1–50 fragments of each H3
ariant displayed similar methyl equivalent distributions (data
ot shown). However, since certain lysine modifications are con-
idered activation marks (Lys4 methylation, Lys36 methylation
r acetylation at any lysine residue) and other lysine residues
hen modified are associated with gene silencing (Lys9 or Lys27
ethylation) and broadband MS data cannot be used to deter-
ine modification sites, ECD data must be acquired to localize

he PTM sites. Fig. 7 shows a side by side comparison of the c+
4

ons reporting on the modified state of Lys4 and c2+
9 ions report-

ng on the modified state of Lys9 from rat brain histone H3.2
nd H3.3 1–50 polypeptides. Fig. 7A and B display the c+

4 ions
nd a marked increase in Lys4 monomethylation was observed
n the H3.3 variant. Inspection of the c2+

9 ions from H3.3 and
3.2 (Fig. 7C and D, respectively) show that similar profiles

re present on both variants at Lys9, but that small increases in
nmodified and monomethylated species and a slight decrease
n Lys9 dimethylation on the H3.3 variant were evident. Rel-

tive quantification of ion abundance ratios involved summing
he first two isotopic peaks for each mass from the 8+ charged
pecies, resulting in fragment ion relative ratios and these values
ere then converted to percent occupancy by dividing the indi-

Fig. 9. Comparison of post-translational modifications on Lys9 (c2+
9 ions) from

histone H3.2 (1–50 residues fragment) extracted from (A) hypothalamus and
(B) cerebellum tissue.
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idual ion abundances by the total sum of the ion set as recently
escribed [32]. The results of this quantification are summarized
n bar graphs shown in Fig. 8A–E, reporting on the modifica-
ion states of Lys4, Lys9, Lys23, Lys27 and Lys36, respectively.
s can be seen in Fig. 8A, a slightly higher amount of Lys4
onomethylation can be detected on H3.3 compared to none

etected on H3.2. Similar profiles of Lys9 modifications exist
etween the H3.2 and H3.3 variants, with a small but noticeable
eduction of dimethylation and small increase in unmodified and
onomethylated forms found for the H3.3 variant (Fig. 8B).
o significant changes were observed at Lys23 between the H3
ariants (Fig. 8C). Fig. 8D shows a shift in the most abundant
ys27 modification state between the H3 variants, as H3.2 has
slight enrichment in Lys27 trimethylation, while H3.3 con-

ains more Lys27 dimethylation. Fig. 8E shows that the histone
ariant H3.2 contains a similar distribution of Lys36 dimethy-
ation as H3.3 with slight differences in monomethylation and
nmodified Lys36 levels. Our results from the comparison of the
istone variants H3.2 and H3.3, while not as drastically impres-
ive as those mentioned earlier from other eukaryotes [43] still
xhibit a similar trend with H3.3 being slightly enriched with
n activating mark (Lys4 methylation), and H3.2 being enriched

ith silencing marks (Lys27 trimethylation and more heavily
ethylated Lys9 forms).
Lastly, we also analyzed histone H3.2 and H3.3 from

arious brain sub-sections (cerebral cortex, cerebellum and

ig. 10. Comparison of modifications observed in ECD generated c and z• ions from
lue), cerebral cortex (Cortex, grey), hypothalamus (Hypothal., green) and cerebellum
ys27 and (E) Lys36. The fractional occupancy was calculated from ECD of the +8
eviations are shown as error bars.
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ypothalamus) and compared the modification states of the H3
roteins to one another and also to the whole rat brain H3s. Our
esults show that no major differences can be detected at Lys4,
ys23, Lys27 or Lys36 from any of the aforementioned brain
ub-sections. This is similar to the other histones as no large
ifferences in the variant expression of H2A or H2B family
embers or H4 PTMs were seen in the different brain tissues.
owever, one major difference was noted in the distribution of
9 modifications from the cerebellum when compared to either
hole brain, cerebral cortex or the hypothalamus tissue. Fig. 9

hows the modification states of the Lys9 residue (c2+
9 ions)

rom the H3.2 1–50 peptide from the hypothalamus (Fig. 9A)
nd cerebellum (Fig. 9B). The c2+

9 ions from the hypothalamus
issue have a similar distribution as whole brain (Fig. 9) and
he cerebral cortex (data not shown) with the most abundant
odification present being dimethylation of Lys9 followed by
lesser amount of Lys9 trimethylation and minute amounts

f unmodified and monomethylated ions. However, in the
erebellum we discovered that the modification state of Lys9 is
hifted to a higher degree of modification as the +42 Da species
as the most abundant followed by the dimethylated species and
ery little amount of unmodified or monomethylated species
histone H3.2 (1–50 residue fragment) extracted from whole rat brain (Brain,
(Cere., yellow) showing modifications at (A) Lys4, (B) Lys9, (C) Lys23, (D)

charged species. Histograms depict the average of three values and standard

resent. The c9 ion shifted by 42 Da from the unmodified
on was observed at 550.8532 m/z, which is consistent with
rimethylation (−2.0 ppm error) versus an acetylation modifica-
ion (+31 ppm error). This unexpected result may simply reflect
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ifferences in the ratios of neurons to glia in the cerebellum
ompared to other brain regions, but it is intriguing to speculate
hat this enrichment of Lys9 trimethylation mediates higher
egrees of transcriptional silencing through increased binding
f HP1 that are significant with respect to cerebellum function.

complete look at all the modification states of Lys4, Lys9,
ys23, Lys27 and Lys36 are displayed in Fig. 10A–E for the
istone H3.2 1–50 fragment. Consistent levels of all other mod-
fications between all brain sub-sections were detected with the
xception of the aforementioned Lys9 trimethylation increase in
he cerebellum tissue. A similar enrichment of Lys9 trimethyla-
ion was also observed on histone H3.3 from cerebellum tissue
s compared to the other brain tissues (data not shown).

. Conclusion

Our work has shown the usefulness of using electron cap-
ure dissociation mass spectrometry for assessing histone post-
ranslational modifications on all four core histones from brain
hromatin. To our knowledge, these investigations are the first
ass spectrometry analyses reported for histones from brain of

ny species. Top Down mass spectrometry analysis was used
o probe the expression of specific histone H2A and H2B gene
amily members, and we found that the expression of these mem-
ers does not vary significantly between different brain regions.
dditionally, modest levels of post-translational modification
ere observed for H2A and H2B. Investigation of histone H4

evealed that the pattern of post-translational modifications did
ot differ significantly between the various brain regions. A Mid-
le Down approach was utilized for improved analysis of H3 by
CD mass spectrometry. This method consisted of digesting the

ntact H3 using endoproteinase GluC and isolating the 1–50 frag-
ent before interrogation by ECD fragmentation. Although the
3 post-translational modification profiles were similar between

he different brain sub-sections, we discovered one large differ-
nce in that the level of H3 Lys9 trimethylation was higher in the
erebellum sample than in any of the other brain tissues. This
esearch displays the feasibility and utility of electron capture
issociation mass spectrometry techniques for the identification
f histone variants and post-translational modifications to afford
more precise view of the role of a histone code during key

hysiological processes.
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