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Abstract
Analyses of histone H3 from ten rat tissues using a Middle Down proteomics platform revealed
tissue-specific differences in their expression and global PTM abundance. ESI/FTMS with electron
capture dissociation showed that, in general, these proteins were hypomodified in heart, liver and
testes. H3.3 was hypermodified compared to H3.2 in some, but not all tissues. In addition, a novel
rat testes-specific H3 protein was identified with this approach.
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Introduction
Eukaryotic DNA is complexed with the four core histones, H2A, H2B, H3 and H4 to form
nucleosomes, the basic repeating subunit of chromatin.1 Many studies have highlighted that
regulated, dynamic changes in chromatin structure impact DNA-templated processes such as
transcription, DNA replication and DNA repair. At the heart of chromatin structure modulation
are the covalent posttranslational modifications (PTMs) targeted to histone proteins, including
methylation, acetylation, phosphorylation, ubiquitylation and other types of marks.2 These
PTMs occur predominantly at sites clustered within the amino terminal tails of the histones
and are thought to influence the dynamics of both tail domain conformation and their
interactions with DNA and other proteins. Although the precise function of many of these
modifications has not been completely defined, several of these marks have been associated
with gene activation or silencing, DNA damage repair and cell cycle progression.3-11 For
example, the trimethylation of lysine 9 on histone H3 (H3K9me3) is enriched in
heterochromatic regions of the genome and is linked to gene repression whereas H3K4me3
appears to be selectively enriched at the promoters of active genes and is thought to play a role
in transcription initiation.3,4 Other modifications such as dynamic acetylation of lysines in
histones H3 and H4 have also been reported to be associated with transcriptional activation,
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while phosphorylation of histone H3 at T3, S10 and S28 correlates with the onset of mitosis.
9-11

The organs and tissues of the human body are comprised by a variety of cell types, all of which
have the same genome. Strikingly, although the levels of transcripts from many genes which
are expressed ubiquitously varies among different tissues, relatively small numbers of genes
are expressed in tissue-specific fashion to contribute to the morphological and biochemical
characteristics that distinguish the phenotypes of these cell types.12-14 These distinct gene
expression patterns are typically created during early development in an organism, when
cellular differentiation and tissue/organ formation take place. These transcription patterns must
be faithfully transmitted throughout cell lineages for normal development to occur, but we are
only just beginning to appreciate some of the epigenetic processes which establish and transmit
these patterns. Heritable changes in epigenetic mechanisms including DNA methylation, RNA
interference and histone modifications are emerging as key factors in determining the gene
expression profiles which distinguish different cell types15,16 and recent data have highlighted
important roles for histone modifications in this process. Changes in histone modifications are
known to accompany embryonic stem cell differentiation and early embryo development. Lee
et al., have demonstrated that histone acetylation and H3K4 methylation levels decrease during
embryonic stem cell differentiation in vitro.17 Additionally, they showed that this was
accompanied by increased H3K9 methylation, indicating that multiple changes in histone
modification are involved in the mechanisms leading to the increased gene silencing and
decreased global transcriptional complexity that accompany differentiation. Consistent with
these observations, histone deacetylase (HDAC) inhibitors block the differentiation of
embryonic cells, reinforcing the importance of global histone acetylation patterns in these cells.
Other reports have provided evidence that specific histone modifications may directly modulate
developmental regulators involved in embryonic stem cell differentiation.18-23 For example,
Boyer et al., demonstrated that H3K27me3-mediated binding of the Polycomb repressive
complexes PRC1 and PRC2 is involved in maintaining embryonic stem cell pluripotency
through the repression of a set of 512 genes encoding developmental regulators.20 Another
report also linked K27 methylation with regulating gene expression during skeletal muscle
differentiation by showing that expression of the Ezh2 methyltransferase coincided with the
activation of muscle-specific genes.21

Mass spectrometry (MS) has become a key technique for the analysis of histone PTMs from
a wide variety of sources.24-38 Early MS efforts focused on the confirmation of known histone
PTMs and also resulted in the discovery of novel modification sites. More recent studies have
attempted to quantify the site occupancy of various histone modifications and compare the
differently modified histone forms in samples potentially differing in epigenetic status, such
as histones extracted from wild-type and a mouse model of lupus disease.38-40 Top Down
mass spectrometry has been shown to be particularly useful for characterizing combinations
of modifications on intact histones or large fragments derived from them,41-48 and this
combinatorial aspect of histone modification has been shown to be biologically significant.
49-51 Given the likely involvement of epigenetic mechanisms in both development and
diseases, accurate characterization and quantification of the histone PTMs normally present in
various mammalian tissues is of fundamental importance for understanding normal
development and the pathogenesis of various diseases. A recent example highlighting the
challenges in this endeavor is a report from Mann and co-workers which used tandem mass
spectrometry to demonstrate differences in H1 variant expression and modification in several
mouse organs and also between different cultured cell types.52 In order to ascertain whether
histone H3 variants are expressed or modified differentially in different tissues, we have
employed a proteomic approach using a Middle Down mass spectrometry based methodology
to systematically characterize the modification patterns of histone H3 variants in a panel of rat
tissues. This approach revealed that H3.2 and H3.3 show the greatest differences in expression
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and modification between tissues, establishing the basis for future investigations of H3 variant
metabolism during cellular differentiation and other processes.

Material and Methods
Histone Extraction and Purification from Selected Rat Tissues

Crude histones were extracted from nuclei prepared from kidney, spleen, brain, bladder, lung,
liver, heart, ovary, testes and pancreatic tissue that were cleanly dissected and snap frozen in
liquid nitrogen after collection from 7-8 week old Sprague-Dawley rats (Pel-Freez Biologicals,
Rogers, AR). Frozen tissues were partially thawed on ice, and we attempted to minimize the
effect of differences in tissue structure by removing capsule/connective tissue and mincing
tissues into small cubes with razor blades. We then diluted the tissue samples with an excess
of nucleus isolation buffer (15 mM Tris-HCl; pH 7.5), 60 mM KCl, 11 mM CaCl2, 5 mM NaCl,
5 mM MgCl2, 250 mM sucrose, 1 mM dithiothreitol, 5 nM microcystin-LR, 500 μM 4-(2-
aminoethyl) benzenesulfonyl fluoride (AEBSF), 10 mM sodium butyrate and 0.3% NP-40)
before homogenization using a PT 3000 Polytron Homogenizer (Littau, Switzerland). Nuclei
were pelleted by centrifugation (500 × g), washed twice with nucleus isolation buffer (without
NP-40) and histones extracted with 0.4 N H2SO4. Histones were recovered from the extract
by 20% trichloroacetic acid (TCA) precipitation followed by washes with acetone/0.1 % HCl
and acetone. Crude histone preparations were then dissolved in water and separated by reverse-
phase high performance liquid chromatography (RP-HPLC) (System Gold, Beckman Coulter,
Fullerton, CA), using a Vydac 208TP54 C8 column (4.6 mm × 250 mm packed with 5 μm
diam. particles, 300 angstrom diam. pores; Vydac, Hesperia, CA). Total histones were
separated using a gradient of 30-60% solvent B in 100 min. (solvent A = 5% acetonitrile
(MeCN) in 0.2% trifluoroacetic acid (TFA) and solvent B = 90% MeCN in 0.188% TFA). RP-
HPLC fractions containing histone H3 were dried to dryness to remove organic solvent.

Middle Down Mass Spectrometry Analysis of Histone H3
Histone H3.2 and H3.3 from pooled RP-HPLC fractions were reconstituted in deionized water
and digested with endoproteinase Glu-C (Sigma, St. Louis, MO) as previously reported for
Middle Down mass spectrometric analysis.47,48 Briefly, H3 samples were diluted with 100
μL of 100 mM ammonium acetate buffer (pH 4), and incubated with the Glu-C protease at a
substrate:enzyme weight ratio of 15:1 for 6 hours at room temperature. The reaction was
quenched by freezing at -80°C. The N-terminal fragment (residues 1-50) produced by Glu-C
proteolysis was then purified from other digestion products by RP-HPLC as stated above except
that a linear gradient of 1% solvent B per minute gradient was used. The RP-HPLC fractions
corresponding to the H3.2(1-50) or H3.3(1-50) fragments were pooled and dried to completion.

The H3.2(1-50) or H3.3(1-50) fragments were then diluted with water and methanol (1:1) and
1% formic acid for mass spectrometry analysis. Mass spectrometry data were acquired on a
home-built 8.5 Tesla quadrupole-FTMS in positive ion mode using a NanoMate 100 (Advion
BioSciences, Ithaca, NY) to introduce the sample into the gas phase via nano-electrospray. We
used low flow chips that required <3 μL of solution to automatically establish the spray. The
capillary was heated by applying 4 A, and the voltage was set at 2160 V. Charge states of
interest (typically 8+ or 9+ charge states) were selectively accumulated using the instrument’s
quadrupole (ABB Extrel, Houston, TX) with the selection window set at ∼ 25 m/z centered
around the most abundant modified peak and further isolated using Stored Waveform Inverse
Fourier Transform (SWIFT).53 Electron capture dissociation (ECD) with a filament bias of
approximately 9V, using 25-200 loops of individual irradiation times of 3 ms and a 10-ms
relaxation time between cycles was employed to acquire MS/MS spectra of the histone H3
1-50 polypeptide. Data was collected using the ICR data acquisition system (MIDAS), and
fragment ion data collected were analyzed using THRASH and/or manually interpreted.54
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Mr values of the 1-50 H3 polypeptide and ECD fragment ions are reported for the neutral
monoisotopic species. As shown previously by our research group, the ECD MS/MS intensity
values of the fragment ion pairs (fragment ion relative ratios, FIRRs) can be utilized to
determine the isomeric composition of the precursor ion with an error less than 5% for species
producing at least moderate signals.43,46 In brief, for calculating FIRR values for histone H3
we measured the ECD fragment intensity (typically of the first two monoisotopic peaks)
corresponding to the different modified forms of the same residue (i.e. for the unmodified,
mono-, di-, and trimethylated signals from the K9 residue, c9

2+ ions at 529, 536, 543 and 550
m/z were measured) and expressed each as the ratio of that modified form to the total intensity
of all of the modified forms of that residue. Therefore for histone H3 monomethylation, we
expressed this modification as the ratio of the 536 m/z ion over the sum of the 529, 536, 543
and 550 m/z ions. Ions used for FIRR calculation include the c4

+ ion for the K4 residue, the
c9

2+ ion for the K9 residue, the c24
3+ ion for the K23 residue, the z·24

3+ or z·27
3+ ion for the

K27 residue and the z·15
3+ ion for the K36 residue.

Results and Discussion
H3 Variant Expression in Different Rat Tissues

We compared the expression and posttranslational modifications of histone H3 variants in ten
selected rat organs. Total histones were acid extracted from nuclei isolated from the following
rat organs: brain, liver, lung, bladder, heart, ovary, spleen, pancreas, testes and kidney. Histone
H3 variants were resolved and separated from the other histones using RP-HPLC as previously
described.43 RP-HPLC chromatograms displaying the separation of total histones from nine
of these organs are shown in Figure 1 with the major peaks identified by mass spectrometry
(data not shown) labeled in the chromatogram for the bladder histones (Fig. 1A). Histone H2B
typically elutes first followed by a peak containing H2A, then H4, followed another peak
containing H2A proteins. The difference in elution times for H2A stems from the oxidation of
the H2A proteins in the first peak as previously noted.44 Lastly, three peaks corresponding to
the histone variant family members H3.2, H3.3 and H3.1 elute several minutes later. This
elution order is very similar to that demonstrated previously for histones extracted from
cultured mammalian cell lines such as HeLa or HEK.43,55,56 H3.2 was the most abundant
variant in all tissues examined except for testes. The abundance of H3.3 approached that of
H3.2 in such as brain, testes and heart, but H3.2 was 2-3 times more abundant than H3.3 in
most cases. Variation in H3.3 expression may prove to be significant, as this histone H3 variant
has been reported to be preferentially associated with transcriptionally active gene loci57 and
has been reported to be covalently modified with PTMs associated with gene activation.56,
58-60 Additionally, H3.3 is also incorporated into chromatin in a replication independent
manner in contrast to H3.2 which is deposited during DNA replication.57,61 In general, H3.1
was the least abundant variant in most tissues but was present in an amount similar to H3.3 in
spleen (Fig. 1C) and was the major form of H3 present in testes (Fig. 1I). These relative
abundances differ from those described previously for several cultured mammalian cell lines.
43,55,56 Because H3.2 and H3.3 were the most abundant variants in nearly all the rat tissues,
and because the sequences of these two variants are conserved in many organisms (H3.1 is
present only in mammalian species),62 we decided to investigate their PTM profiles using our
Middle Down mass spectrometry platform.

Interrogation of H3 PTM Profiles by Middle Down Mass Spectrometry
After purifying the H3.2 and H3.3 variants, we digested them with GluC, which cleaves the
proteins into several peptides, including the fragment spanning residues 1-50 that contains the
majority of the PTMs known to occur on these proteins.2 The 1-50 fragment was separated
from the other digestion products by RP-HPLC. We then obtained mass spectra of RP-HPLC
purified histone H3.2(1-50) and H3.3(1-50) polypeptides prepared from each of the tissues and
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using the high mass accuracy of the FTMS, we assigned preliminary modification states to the
peaks observed and detected potential differences in modification between the samples. Figure
2 displays the broadband mass spectra from nine of the ten tissue types. Figure 2A shows the
mass spectrum of H3.2(1-50) from a bladder sample, and the first major peak observed had a
mass of 5394.18 Da. Comparison to the theoretical mass of H3.2(1-50) (5338.07 Da) suggested
that the Δm was ∼56 Da or the addition of four methyl group equivalents. The calculated mass
of H3.2(1-50) with the addition of four methyl groups is 5394.13 Da, very close to the observed
mass. More peaks in the spectrum differing by the addition of 14 Da can be seen, and H3.2
(1-50) containing 4-12 methyl group equivalents were easily detectable for most tissues with
the apex peaks corresponding to 6 or 7 methyl group equivalents. However, H3.2(1-50) from
liver, heart and testes (Fig. 2D, E and I) appeared to be hypomodified in comparison to the
other rat tissues. These three tissue types had methyl group distributions ranging from 4 to only
9 methyl groups with the apex peak containing 5 or 6 methyl group equivalents. Unexpectedly,
we found that these tissue differences in bulk modification were also characteristic of the
histone H3.3 variant (Supplemental Figure 1), in that H3.3(1-50) isolated from liver, heart and
testes appeared to be less modified than in other tissues.

Localization and Relative Quantification of PTMs on Histone H3 by ECD
Our analyses of H3.2(1-50) and H3.3(1-50) from various rat organs demonstrated apparent
differences in PTM levels between tissues (especially liver, heart and testes), so we sought to
characterize and localize the modification sites on the H3 proteins using MS/MS experiments
on the FTMS. For our tandem mass spectrometry studies, we used a multiplexed ECD
procedure that we demonstrated previously is effective for analyses of H3 acetylation and
methylation, in which all forms are fragmented en masse.43 Figure 3 displays our ECD-based
approach for the characterization of PTM sites on histone H3.2(1-50) prepared from kidney
tissue. As shown in Figure 3A, the most prominent charge states observed in the broadband
mass spectrum were the 10+, 9+ and 8+ charge states. Using the 8+ charge state as an example,
we performed a quadrupole enhancement of this charge state and further filtered the m/z species
by SWIFT to fully isolate this charge state from the others (as shown in the Figure 3A inset).
ECD was then performed (Figure 3B) on all the differently modified forms of H3.2(1-50)
within the selected charge state. Careful inspection of the fragment ions revealed site specific
information, as shown for the c9

2+ ions corresponding to modifications at un, mono-, di-, and
trimethylation at K9 (528-552 m/z) and the z·15

2+ ions corresponding to un, mono- and
dimethylation at K36 (894-912 m/z). The resolving power and highly accurate mass of FTMS
allows distinction between fragment ions harboring trimethylation versus acetylation marks
(Δm = 0.036 Da). In this case, the observed c9

2+ ion at 1099.70 Da is consistent with
trimethylation (calculated = 1099.69 Da) and not acetylation (calculated = 1099.66 Da).
Fragment ions can be searched using the ProSight software or manually validated to create a
graphical fragment map (Figure 3C). Since all forms of histone H3.2 are fragmented in parallel
in this multiplex ECD procedure, the fragment map displays the aggregate distribution of
modifications on the particular H3 variant analyzed. We determined that the most abundant
modifications in this sample of bulk kidney H3.2 were K9me2, K23ac, K27me2 and K36me2
(fragment map in Figure 3C).

Using this Middle Down approach we interrogated the PTM status on RP-HPLC purified H3.2
(1-50) and H3.3(1-50) polypeptides prepared from the ten selected rat tissues and determined
that the most abundant modifications in general were: monomethylation on lysine 4 (K4me1),
mono-, di- and trimethylation on lysine 9 (K9me1, K9me2 and K9me3), acetylation on lysine
23 (K23ac), mono-, di- and trimethylation on lysine 27 (K27me1, K27me2 and K27me3) and
mono- and dimethylation on lysine 36 (K36me1 and K36me2). However, specific differences
in the abundance of certain H3.2 PTMs were consistently observed between different tissue
types when the results for three independent preparations from each tissue were compared. For
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example in Figure 4, we show an ECD mass spectrum focusing on the m/z region that reports
the c9

2+ fragment ions (modifications on the K9 residue) from bladder (Fig. 4A) and testes
(Fig. 4B) tissue samples. As is clearly seen, the relative abundance of the different K9
methylation states differs in H3.2(1-50) prepared from these tissues. In bladder tissue, K9me2
is the most abundant modification followed by K9me3 > unmodified K9 > K9me1. In contrast,
K9me3 is the most abundant modification followed by unmodified K9 > K9me2 > K9me1 in
testes. Using the FIRRs from the ECD spectra, we can relatively quantify the levels of
modification at sites in histone H3, as described in Materials and Methods, and as shown
previously for quantification of differently modified isomeric forms of histone H3 and
H4.43,46,63 A histogram showing the distribution of K9 methylation on H3.2(1-50) from the
various tissues is displayed in Figure 5A, while the K9 methylation distribution on H3.3(1-50)
is shown in Figure 5B. Dimethylation was the most abundant methylation mark on the K9
residue of H3.2(1-50) in all tissues except testes (Fig. 5A). However, the ratios of the different
degrees of methylation varied slightly among different tissues. For example, in H3.2(1-50)
from heart, lung and ovary tissue, K9me2 and K9me3 were found in a nearly 1:1 ratio, whereas
in most other tissues K9me2 was significantly more abundant than K9me3. In H3.2(1-50) from
testes, K9me3 was more abundant than either of the lower methylated states. Similarly,
differences in the modification of K9 in the H3.3 variant between tissues were also evident as
shown by inspection of ECD spectra taken of histone H3.3(1-50) from lung (Figure 6A) and
spleen (Figure 6B). Zoom regions containing c9

2+ and z·15
2+ fragment ions (528-552 and

894-912 m/z, respectively) show that slight differences in lung and spleen occur in K9
methylation, and even larger differences are seen in K36 methylation (larger amount of
unmodified K36). The histograms in Figure 5B show the variation in K9 methylation of H3.3
(1-50) among the tissues analyzed. Apart from testes and spleen, we found that K9me2 was
the most abundant form present in H3.3 from most tissues, as noted for H3.2 (compare Figures
5A and 5B). However, in many cases, significant differences in the relative abundance of each
K9 methylation state were observed between H3.2 and H3.3 within the same tissue that are
consistent with the notion that these variants are functionally distinct.

Using the ECD spectra of the H3.2(1-50) and H3.3(-50) polypeptides from different tissues,
we then characterized the modifications present at K4, K23, K27 and K36, the remaining
abundantly modified sites in the H3.2 and H3.3 variants. Supplemental Figures 2-5 display
histograms depicting the PTM distributions on these lysines in the H3.2(1-50) and H3.3(1-50)
polypeptides prepared from our set of tissues. As shown in Supplemental Figure 2, K4 was
largely unmodified on both H3.2 and H3.3 in all tissues examined with relatively low levels
of monomethylation detectable in each case. From prior estimates,48 the Middle Down
approach as implemented here can detect histone forms present in greater than ∼500,000
nucleosomes. However, many of the lower abundance marks detectable by antibodies and
important in epigenetic regulation (e.g. H3K4me3) are not detectable by the current approach.
K4me2 and K4me3 have been detected in many cell types using immunochemical methods,
nevertheless, our results suggest that these modifications must be present at levels less than a
few percent as they are below our proteomic detection limit.48,63 On average,
monomethylation affected approximately 5% of H3.2 in most tissues (ovary tissue was the
exception with approximately 15 % of H3.2 containing K4me1). In contrast, the levels of
K4me1 were approx. 3 fold higher in H3.3 from most tissue types (average closer to 15%).
This difference is readily evident when the ECD spectra of H3.2(1-50) and H3.3(1-50) from
heart tissue are compared as shown in Figure 7. The finding that K4me1 levels are higher in
H3.3 compared to H3.2 in a wide variety of tissues, combined with the evidence that H3.3 is
preferentially enriched in transcriptionally active chromatin,56,58-60 supports the notion the
K4 methylation in general (i.e. me1, me2 and me3) functions in transcriptional regulation.

Supplemental Figure 4 displays the variation in K23ac in the various tissues for both H3
variants. Hypoacetylation at this residue was observed in both H3.2(1-50) and H3.3(1-50) from
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the heart, liver and testes samples. The relative abundance of K23 acetylation was very similar
for H3.2(1-50) and H3.3(1-50) from almost all tissues, in contrast to the increased abundance
of K4me1 in H3.3 compared to H3.2 noted above. It is curious to note that we detect only a
modest amount of acetylation which occurs predominantly at K23. Whether lower acetylation
levels are typical of tissues compared to cultured cells remains unresolved, but recently a
publication has suggested differences in histone H1 modification exist between cultured mouse
cells and tissues.52 The greatest differences in relative PTM abundance between H3.2 and
H3.3 in different tissues were observed for methylations at K27. These were monitored by
detecting ECD fragments corresponding to z·24

3+ or z·24
3+ ions and histograms summarizing

the degree of methylation (mono-, di- and trimethylation) on this residuefrom H3.2(1-50) and
H3.3(1-50) from the different tissues are shown in Supplemental Figure 4. Unmodified K27
predominated in both H3.2 and H3.3 from bladder, heart, liver and testes samples. In contrast,
although K27me1 was the predominant form in H3.2 from kidney, lung, ovary, pancreas and
spleen, K27me2 predominated in H3.3 from these same tissues. In general, the levels of
K27me3 were higher in H3.2 compared to H3.3 from the same tissue: an extreme example of
this occurred in brain where the level of K27me3 in H3.2 (approx. 42 %) was three-fold higher
than that in H3.3 (approx. 14 %). The large variations we observed in K27 methylation degree
between H3.2 and H3.3 in different tissues suggest that methylation at this site may play a role
in developmentally regulated changes in gene expression that occur during differentiation and
which ultimately lead to the formation of specific tissues. Supporting this notion is the recent
finding that the methyltransferase responsible for K27 methylation in mammals (Ezh2) has
been reported to regulate skeletal muscle differentiation by promoting muscle gene
expression21 and has been shown to regulate expression of developmental genes in embryonic
stem cell differentiation.20,22,23

Finally, the modification status of K36 in H3.2(1-50) and H3.3(1-50) from the various tissues
is shown in Supplemental Figure 5. To date, K36 methylation is the only histone modification
reported to be enriched at the 3′ end of active genes,64 but little is known about whether
functional differences exist between mono-, di- and trimethylation at this site. Although
H3K36me3 has been demonstrated in human/metazoan samples previously by
immunochemical approaches, we did not detect it here or in previous analyses which utilized
two dimensional chromatography to enrich less abundant forms of HeLa cell H3.2 prior to
mass spectrometry.48 Thus, we infer that molecules bearing this modification probably
represent less than 2 % of total histone H3.63 We found that the levels of unmodified K36, or
K36me1, or K36me2 in H3.2 varied substantially between tissues with some (heart, liver, lung,
pancreas, spleen, testes) containing predominantly unmodified K36, while others (kidney,
ovary) contained predominantly K36me2, or contained both forms in similar amounts (bladder,
brain) (Supplemental Figure 5A). Strikingly, K36me2 was the overwhelmingly predominant
form of H3.3 observed for all tissues except testes (Supplemental Figure 5B). Comparing the
results for K36 methylation between H3.2(1-50) and H3.3(1-50) from various tissues, it
becomes apparent that while unmodified K36 predominates in H3.2 in most tissues, K36 is
preferentially dimethylated in H3.3 in these same tissues.

Overall, these results show that the global levels of H3 modifications differ in different tissues,
suggesting that these differences in abundance reflect the roles of these PTMs in epigenetic
mechanisms contributing to differential gene expression in these tissues. Our results correlate
well with another proteomic study of lysine methylation and acetylation in mouse65 Using
anti-methyllysine and anti-acetyllysine antibodies, Iwabata et al. showed that a organs. variety
of proteins including histones were variably modified by lysine methylation and acetylation in
different selected mouse organs. The authors also discovered that H3 and H4 were both globally
underacetylated and undermethylated in heart, stomach, kidney, skeletal muscle and liver but
were hypermodified with those same marks in lung, spleen, brain, small intestine and colon
tissue.
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Identification of a Novel Rat Testes-Specific H3 variant
A strong advantage in using mass spectrometry for analysis of histone PTMs as opposed to
antibody based methods is the ability to discover novel PTM sites or identify histone variant
family members. Here we report the identification of a new histone H3 variant that was detected
only in testes samples. During the RP-HPLC purification of histone H3 variants (Fig. 1), we
noticed that expression of the H3.1 variant was lower than the H3.2 or H3.3 variants in all
tissues except testes. In testes samples, a peak eluting at the same time point normally observed
for H3.1 was the predominant form and we initially assumed that this peak contained only
H3.1. However, in the course of attempting to analyze modifications on the 1-50 Glu-C
fragment generated from this fraction, we found that the mass of the 1-50 fragment (5375.10
Da), did not match the unmodified or potentially modified masses for the corresponding
fragments of the canonical rat H3.1, H3.2 and H3.3 protein sequences. As shown in the
broadband mass spectrum of the +8 charge state of this 1-50 polypeptide (Figure 8A), a few
peaks separated by 14 Da are evident suggesting that the protein is modified. We obtained an
ECD spectrum (Fig. 8B) of the unknown species and identified several c-type ions which
suggested that this protein was similar to histone H3. Nevertheless, aside from a few z·-type
ions at the extreme C-terminus, we did not z·-type ions that matched the fragmentation spectrum
to the sequences for established find many rat H3 family members. However, a search of the
NCBI database for rat H3-like proteins sequences revealed an entry ‘predicted: similar to H3
histone family member’ (accession # XP_220509) that fit the ECD fragmentation pattern. This
novel H3 protein, which we call rat H3.1T, has two amino acid substitutions within the first
50 residues when compared to the rat H3.2 or H3.1 sequences (Figure 8C), an A → V change
at position 24, and an R → H change at position 42. The mass of the z·9+ ion at 962.503 Da
shown in the zoom region in the ECD spectrum in Figure 8B is consistent with the R → H
change on this protein (calculated mass of the z·9+ ion is 962.506 Da). The experimental mass
of the first species of the H3.1T(1-50) polypeptide observed in the broadband mass spectrum
in Figure 8A was 5375.10 Da which fits very well with the calculated mass of a dimethylated
form of the H3.1T(1-50) polyprotein (5375.09 Da). In addition, we acquired the mass of intact
H3.1T (15,316.5 Da), and found that to be in agreement with the calculated dimethylated form
of the intact protein at 15,316.4 Da (data not shown). We did not observe expression of the
standard H3.1 protein in testes, nor did we observe expression of this particular H3.1T in other
tissues (data not shown), further supporting the notion that this variant may fulfill a testes-
specific function. Testes-specific H3 variants have been uncovered in human and mouse, and
we now can add rat to the list of mammals expressing a testes-specific H3 protein. Lastly, the
ECD data (Figure 8C) show that this variant is similar to other H3 variants from testes and is
hypomodified at many residues. This mass spectrometry data supports the finding of a novel
rat testes-specific variant H3.1T whose biological significance remains to be determined.

Conclusion
Histone posttranslational modifications (PTMs) have been shown to be important regulators
of gene expression during critical developmental periods such as tissue formation, and this
characteristic PTM pattern is likely to be inherited epigenetically and distinct among various
organs or tissue types. Using a Middle Down proteomics platform, we have interrogated the
PTM profiles of histone H3 variants from ten selected rat organs: bladder, brain, heart, kidney,
liver, lung, ovary, pancreas, spleen and testes. RP-HPLC revealed slight differences in the
relative expression of H3 variants between these tissues, with the largest differences observed
in testes. Electron capture dissociation (ECD) fragmentation was utilized to obtain tandem
mass spectra for localization of the modified residues on the H3 variants, and the FIRRs were
applied to relatively quantify the site occupancy of the most abundantly modified H3 residues:
K4, K9, K23, K27 and K36. This comparison of H3 PTMs from different tissues showed that
differences in global abundance of PTMs exist among the different tissue types. For example,
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histone H3 extracted from heart, liver and testes tissue were distinguishably undermodified,
albeit at different residues and to differing degrees. Lastly, we report the identification of a
novel rat histone H3 protein that is highly expressed in testes and that was previously cataloged
in protein databases as a ‘predicted, similar to histone H3 family member’ protein. These data
demonstrate the feasibility of Middle Down mass spectrometry for quantification of PTM sites
and abundance levels, and for discovery of novel protein isoforms from mammalian tissues.
Changes in histone modification and chromatin structure are increasingly being shown to be
important for the development of multicellular organisms. We suggest that the methodology
employed here will prove useful in future studies regarding epigenetic control of cellular
differentiation and/or tissue formation.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
RP-HPLC chromatograms showing the separation of bulk histones isolated from rat (A.)
bladder, (B.) brain, (C.) spleen, (D.) liver, (E.) heart, (F.) pancreas, (G.) lung, (H.) ovary and
(I.) testes. Various histone family members are fully labeled in (A.) bladder samples, and
histone H3 variants are labeled in all chromatograms. The presence of a highly expressed H3.1-
like protein in (I.) testes was detected.
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Figure 2.
Broadband mass spectra of the 7+ charge state of the histone H3.2(1-50) polypeptide extracted
from rat (A.) bladder, (B.) brain, (C.) spleen, (D.) liver, (E.) heart, (F.) pancreas, (G.) lung,
(H.) ovary and (I.) testes. Calculated and experimental mass of the 4 Me species is shown for
the bladder sample (A).

Garcia et al. Page 13

J Proteome Res. Author manuscript; available in PMC 2009 April 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3.
A. Broadband mass spectrum of the 8+, 9+ and 10+ charge states of the histone H3.2(1-50)
polypeptide from rat kidney. Further isolation of the 8+ charge state species is achieved through
additional quadrupole enhancement and SWIFT isolation as shown in the inset mass spectrum.
B. ECD fragmentation of the 8+ charge state species isolated in (A.). Zoom regions spanning
528-552 m/z and 895-912 m/z show regions containing fragment ions which correspond to
posttranslational modifications on K9 (unmodified, mono-, di- and trimethylation) and K36
(unmodified, mono- and dimethylation), respectively. C. ECD fragment map generated from
the fragmentation spectrum shown in (B.). Some of the most common modifications observed
on histone H3.2 from rat kidney are K9me2K23acK27me2K36me2.

Garcia et al. Page 14

J Proteome Res. Author manuscript; available in PMC 2009 April 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4.
Zoom region from ECD spectra of the histone H3.2(1-50) polypeptide from the +8 precursor
species showing the c9

2+ fragment ions corresponding to posttranslational modifications on
the K9 residue (528-552 m/z region) from rat (A.) bladder and (B.) testes tissue samples. Clear
differences in the degree of methylation at K9 between both samples can be seen with the testes
H3.2 sample containing higher levels of both unmodified K9 and K9me3.
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Figure 5.
Histograms showing the comparison of K9 modifications (unmodified, mono-, di- and
trimethylation) observed in ECD generated c9

2+ ions (FIRRs) from the (A.) H3.2(1-50) and
(B.) H3.3(1-50) polypeptides for all ten rat tissues as labeled. Fractional occupancy was
determined from ECD spectra produced from the 8+ charge state species. Histograms depict
the average of three independent biological samples (N=3) and standard deviations are shown
as error bars.
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Figure 6.
Comparison of ECD spectra generated from the histone H3.3(1-50) polypeptide prepared from
different rat tissues. A. ECD fragmentation of the H3.3(1-50) 8+ charge state species from rat
lung. B. ECD fragmentation of the H3.3(1-50) 8+ charge state species from rat spleen. Zoom
regions spanning 528-552 m/z and 895-912 m/z in both spectra display fragment ions which
correspond to modifications on K9 (unmodified, mono-, di- and trimethylation) and K36
(unmodified, mono- and dimethylation), respectively. The largest PTM differences between
the samples are found to be at the levels of K9me3 and unmodified K36.
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Figure 7.
Differences in posttranslational modifications between histone H3 variants extracted from
heart tissue. ECD fragmentation of the 8+ charge state species from the (A.) H3.2(1-50) and
(B.) H3.3(1-50) polypeptides. Zoom regions in the mass spectra spanning 474-490 m/z and
528-552 m/z in both spectra display fragment ions which correspond to modifications on K4
(monomethylation) and K9 (unmodified, mono-, di- and trimethylation), respectively. Overall,
H3.3 contained a higher level of K4me1, while K9 methylation was slightly higher (as noted
by less unmodified K9 species) on histone H3.2.
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Figure 8.
Characterization of a novel rat testes-specific H3 isoform (H3.1T). A. Broadband mass
spectrum of the 8+ charge state of the 1-50 fragment isolated from the third histone H3 RP-
HPLC peak (see Supplemental Figure 1I) of acid-extracted material from rat testes. The first
peak was found to be at 5375.10 Da, followed by peaks separated by approximately 14 Da.
B. ECD fragmentation of the 8+ charge state species isolated in (A.). Zoom regions in the mass
spectra shows the fragment z· +9 ion that indicates that a R H substitution is found in this H3
protein. C. ECD fragment map generated from the fragmentation spectrum shown in (B.)
showing that a novel histone H3.1-like molecule is expressed in the testes. The H3 protein
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sequence that fit the ECD spectrum was entered in the NCBI database as ‘predicted: similar
to H3 histone family member’ (accession # XP_220509).
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