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ABSTRACT: DNA methylation is deficient in a histone deacetylase 1 (HDA1) mutant (hda-1) strain of
Neurospora crassa with inactivated histone deacetylase 1. Difference two-dimensional (2D) gels identified the
primary histone deacetylase 1 target as histone H2B. Acetylation was identified by LC-MS/MS at five
different lysines in wild-type H2B and at 11 lysines in hda-1 H2B, suggesting Neurospora H2B is a complex
combination of different acetylated species. Individual 2D gel spots were shifted by single lysine acetylations.
FTICRMS-observedmethylation ladders identify an ensemble of 20-25 ormoremodified forms for each 2D
gel spot. Twelve different lysines or arginines were methylated in H2B from the wild type or hda-1; only two
were in the N-terminal tail. Arginines were modified by monomethylation, dimethylation, or deimination.
H2B from wild-type and hda-1 ensembles may thus differ by acetylation at multiple sites, and by additional
modifications. Combined with asymmetry-generated diversity in H2B structural states in nucleosome core
particles, the extensive modifications identified here can create substantial histone-generated structural
diversity in nucleosome core particles.

The lowest level of organization of eukaryotic chromosomes
is achieved by wrapping ∼146 bp segments of DNA around
histone octamers, which consist of a histone H3-H4 tetramer
and two histone H2A-H2B dimers (1) . The resulting string of
nucleosomes can be further condensed into higher-order assem-
blies. It is becoming increasingly clear that the structure of
chromatin, both at the level of individual nucleosomes and at
higher levels, is functionally important for genetic processes
such as gene expression, recombination, DNAmethylation, and
DNA repair. Thus, it is of interest to define ways in which
chromatin can be modified. In the past decade, a large number
of enzymes have been identified that post-translationally mod-
ify histones, introducing chemical modifications, some of which
are associated with gene activation and others with repression.
The N-terminal tails of the individual histone subunits are
prominent targets for modifications, which can alter the higher-
order structure of chromatin and influence recruitment of
effector molecules (2-4). Modifications can also occur within
the globular histone core (5), affecting binding of DNA to the
nucleosome lateral surface, and interactions with nucleosome
remodeling complexes that control the mobility of nucleosomes
on DNA (6).

Mass spectrometry has revolutionized the study of histones,
often allowing site-specific identification of post-translational
modifications such as lysine acetylation, mono-, di-, and tri-
methylation, arginine mono- and dimethylation, deimination,
and serine and threonine phosphorylation (7). These and other
post-translational modifications constitute the “histone code”

that is important in the transmission of genetic information in
cells similar to but distinct from the contributions of genes them-
selves (2, 4). Advanced techniques such as electron transfer dis-
sociation (8) and sequential ion-ion reactions (9) have allowed
site-specific determination of modifications in highly basic regions
of histones such as histone H3.

Epigenetic processes such as DNA methylation, which can
result in gene silencing (10), have been linked to histone methyla-
tion (11). Patterns of aberrant DNA methylation are commonly
observed in human tumors, including a global loss of DNA
methylation and CpG island hypermethylation, associated with
inactivation of tumor suppressor genes (12-14) and changes in
expression of other genes. DNA methylation is conveniently
studied in organisms that are amenable to genetic manipulation,
such as Neurospora crassa, which has only a single gene for each
core histone except H4, for which two genes have been identi-
fied (15). Having only a single gene for a histone subtype may
facilitate association of post-translational modifications with
biological phenomena. In contrast, expressed human H2B is
composed of at least 11 subtypes in Jurkat cells (16) and 7 sub-
types in Hela cells (17), making associations more difficult. DNA
methylation is not essential in Neurospora, allowing study of a
variety of nonlethal mutations affecting methylation. Genes
involved in the control of DNA methylation in Neurospora
include DIM-1 (18), the DNA methyltransferase DIM-2 (19),
the histone H3 Lys9 methyltransferase DIM-5 (20), heterochro-
matin protein 1 [HP1 (21)], the histone H3 Ser10 phosphatase
PP1 (22), and dim-7, which helps targetDIM-5 to chromatin (23).
Thus, covalent modifications of DNA and histones are involved
in this process. Trichostatin A is known to block selective DNA
methylation in Neurospora (24), suggesting that one or more
histone deacetylases are also involved in the control of DNA
methylation. Mutation of the Neurospora histone deacetylase
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geneHDA11 causes a loss ofDNAmethylation in approximately
half of all methylated regions (25), suggesting that analysis of the
histone substrate(s) and changes inmodifications associated with
inactivation of this enzyme may shed light on its control of DNA
methylation.

We used high-resolution 2D gels (26) to examine histones
affected byHDA1 inactivation, identifying H2B as the most pro-
minentHDA1histone target inNeurospora (25). SinceNeurospora
histone modifications had not been previously characterized by
mass spectrometry, we examined overall Neurospora H2B post-
translational modifications using FTICR mass spectrometry
on electroeluted H2B spots isolated from wild-type and hda-1
strains. We then used LC-MS/MS peptide sequencing to locate
modifications on specific peptides and many on specific residues.
To extend the examination of post-translational modifications,
results obtained using SEQUEST (27) were compared to modi-
fications identified using the blind search algorithm InsPecT (28).
Modifications were compared in H2B samples from wild-type
and hda-1 strains, and they were compared with H2B samples
from other organisms.We report thatN. crassa histone H2B can
be heavily modified, including extensive methylation, diverse
lysine acetylation, arginine modifications, including methyla-
tion, dimethylation, and deimination, and several likely in vitro
modifications.

To examine potential function(s) of theH2Bmodifications, we
mapped them onto the crystal structure of the Xenopus nucleo-
some core particle. The results identify modifications that may
affect DNA binding in the nucleosome, as well as modifications
thatmay alter histone subunit interactions, histone assembly, and
higher-order nucleosome assemblies.

METHODS

Neurospora Cultures and Histone Purification. N. crassa
was grown in 500 mL culture flasks in Vogel’s minimal medium
supplementedwith 2%sucrose, 1.0mg/mLalanine, and 1.0mg/mL
histidine at 30 �C for 24 h with shaking at 150 rpm. Mycelia
were collected on Whatman filter paper and immediately frozen
in liquid nitrogen. Chromatin was prepared from the frozen
tissues, and histones were extracted as previously described for
Saccharomyces cerevisiae histones, with modifications described
below (29). The frozen tissue was ground to a fine powder using a
mortar and pestle cooled with liquid nitrogen, and the powder
was suspended in APB buffer [150 mM sodium chloride, 10 mM
Tris-HCl, 0.5% Triton X-100, 1.0 mM phenylmethanesulfonyl
fluoride, 0.2% β-mercaptoethanol, 1.0 mM sodium pervanadate,
and 5.0mMsodium fluoride (pH 8.0)]. The tissue suspensionwas
pelleted by centrifugation at 14000g for 10 min. The supernatant
was discarded, and the chromatin pellet was washed twice with
APB buffer without 0.5% Triton X-100.

Histones were extracted from the nuclear suspensions as
previously described (26). An equal volume of ice-cold 0.4 M
H2SO4 was added to the nuclear suspension containing 1 mg/mL
protamine sulfate in 5% acetic acid, followed by incubation on

ice for 24 h, with occasional mixing. Acid-insoluble material was
pelleted by centrifugation at 14000g for 10 min, and the super-
natant was mixed with 100% TCA to a final concentration of
20%TCA and incubated on ice for 1 h to precipitate acid-soluble
proteins. The precipitate was collected by centrifugation for
10min at 14000g and 4 �C, and the protein pellet was resuspended
in ice-cold acetone, sonicated in a bath sonicator to disperse the
precipitated proteins, and recovered by centrifugation at 4 �Cand
14000g for 10 min. The supernatant was decanted and discarded,
and the acetone precipitate was air-dried at room temperature.
Histones were dissolved in acetic acid/urea loading buffer (8.0 M
urea, 5% acetic acid, 5% β-mercaptoethanol, and 0.2 mg/mL
crystal violet) to a concentration of 5 mg/mL.
2DPAGEandElectroelution ofHistones fromFixed and

Stained 2D Gels. Two-dimensional AUT � AU polyacryl-
amide gels contained acetic acid, urea, and Triton X-100 in the
horizontal dimension and acetic acid and urea in the vertical
dimension and were run as described previously (26). The gels
were stained with Coomassie blue R-250. Histone samples were
purified from individual protein spots in fixed and stained
polyacrylamide gels as previously described (26). Briefly, indivi-
dual spots were excised from the gel, equilibrated in elution
buffer, and eluted from the gel using a custom-made electro-
elution apparatus (30). Eluted proteins were precipitated from
solution using an acetone-based ion extraction buffer to remove
SDS, Coomassie blue, and other contaminants from the sample.
Proteolytic Digests of Histones. Purified histones electro-

eluted from 2D gel spots were dissolved in 50 mM sodium phos-
phate buffer (pH 7.8) with 50% trifluoroethanol or with 0.1%
(w/v) acid-cleavable RapiGest detergent (Waters Corp.,Milford,
MA), heat-denatured at 95 �C for 20 min in a heat block, and
digested for at least 12 h with a 1:10 (w/w) enzyme/substrate
mixture of different proteases. Progress of the digestions was
checked byMALDI-TOFmass spectrometry on anApplied Bio-
systemsVoyagerDE instrument. One protease wasStaphylococcus
aureus endoprotease gluC (Calbiochem, San Diego, CA, or
Worthington Biochemical Corp., Lakewood, NJ), with digestion
in 50 mM sodium phosphate buffer (pH 7.8) for at least 12 h (31).
This pH and buffer, as well as a high enzyme:substrate ratio of
1:10 (w/w) gluC to histoneH2B and relatively long digestion times,
were used to enhance cleavage after aspartic acid. To enhance
proteolysis at Asp residues beyond the levels seen with endopro-
tease gluC, other digests included 1:10 (w/w) endoprotease aspN
(Roche Applied Science, Penzberg, Germany) in 50 mM sodium
phosphate buffer (pH 7.8) at 37 �C for 12-24 h, or a combination
of endoproteinase aspN and endoprotease gluC at pH 7.8. H2B
was also digested with clostripain (Worthington Biochemical
Corp.) in 100 mM sodium phosphate, 10 mM dithiothreitol, and
1mMcalcium chloride (pH 7.6).NeurosporaH2Bwas not reduced
and alkylated before proteolysis since it contains no cysteines. The
RapiGest detergent was hydrolyzed in 0.1% formic acid before
peptides were injected onto a capillary column for LC-MS/MS
analysis. Peptides were analyzed with and without propionylation
of the N-terminus and lysines. Propionylation, which results in
peptide charge reduction and more readily interpreted MS/MS
spectra, was conducted as described for histones (32).
LC-MS/MS Analysis of Histone H2B Peptides. Peptides

were sequenced and data for identification of post-translational
modifications obtainedby tandemmass spectrometry onaThermo-
Finnigan (San Jose, CA) LTQ-FT hybrid linear ion trap-Fourier
transform ion cyclotron resonancemass spectrometer (33) equipped
with a New Objective Inc. (Woburn, MA) PV-550 source, after

1Abbreviations: HDA1, histone deacetylase 1; hda-1, N. crassa strain
with mutant HDA1; WT, wild-typeN. crassa; FTICR, Fourier transform
ion cyclotron resonance; MS, mass spectrometry; LC-MS/MS, liquid
chromatography-tandem mass spectrometry identification of peptides;
me, methyl; me2, dimethyl; me3, trimethyl; ac, acetyl; cit, citrulline; TCA,
trichloroacetic acid; AUT, acetic acid/urea/Triton X-100; AU, acetic acid/
urea; 2D, two-dimensional; MALDI-TOF, matrix-assisted laser desorp-
tion ionization time-of-flight; HPLC, high-performance liquid chromato-
graphy; ROC, receiver operating characteristic; SVM, support vector
machine learning; NCP, nucleosome core particle.
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chromatography on a 75 μm internal diameter, 5-10 cm long
PicoFrit column (New Objective Inc.) self-packed with Vydac
Denali C18 resin. The column was loaded with the autosampler
and eluted using an Agilent nano-1100 HPLC system at a flow
rate of 0.3-0.4 μL/min, with the digest eluted for 40-50 min at
5% acetonitrile and 0.1% formic acid, followed by a 3%/min
increasing gradient of acetonitrile and 0.1% formic acid to 90%
acetonitrile, and a 5-10 min elution at 90% acetonitrile and
0.1% formic acid. Peptide precursor ions were analyzed in the
ICR cell at a resolution of 100000 and MS/MS fragments ana-
lyzed in the LTQ linear ion trap. One FT survey scan (maximum
fill time of 2 s, target value of 5 � 105) triggered parallel LTQ
acquisition of MS/MS spectra for the three most intense pep-
tide ions (target value of 5 � 103, maximum fill time of 0.5 s).
Monoisotopic masses were used for precursor and product ions
in Bioworks Browser 3.2 SEQUEST searches, with a precursor
ionmass uncertainty of 10 ppm, and a standard ion trap fragment
ion mass uncertainty of 1.0 m/z. Dynamic exclusion was acti-
vated, with a maximum repetition of 2 over a 30 s time period,
and an exclusion duration of 60 s. The LTQ was tuned and
calibratedwithin 1-2weeks of experiments, and the FTwasmass-
calibrated within 1-2 days of use. MS/MS spectra were plotted
using Protein Prospector’s MS-Product (prospector.ucsf.edu).
FTICR Mass Spectrometry. Whole-protein FTICR mass

spectra of histone H2B dissolved in 50% acetonitrile and 0.1%
trifluoroacetic acid were recorded using static nanospray from
4 μm tip internal diameter coated glass capillaries (NewObjective
Inc.), on the LTQ-FT. The instrument was mass-calibrated
before use and operated at a spray voltage just above threshold,
which varied for different samples and capillaries from 1.2 to
1.8 kV; datawere collected at a resolution of 200000. Tominimize
file size, two to eight microscans were averaged for each saved
scan. The histone H2B charge envelope was collected from m/z
550 to 1200 in the ICR cell. Whole protein spectra were analyzed
with a commercial version of THRASH (34), called Xtract
(ThermoFinnigan, San Jose, CA), using a 60% fit, a signal-to-
noise setting of 1.3, low sulfur averagine, and a remainder of 1%.
Post-Translational Modification Analysis. SEQUEST (27)

was used for most analyses of post-translational modifications,
searching a database of 7663 protein sequences containing all
N. crassa histone sequences, human cytokeratin sequences, seq-
uences of the proteases used to digest electroeluted histone H2B,
and reversed protein sequences of the Nostoc punctiforme pro-
teome (http://genome.ornl.gov/microbial/npun/). Modification
monoisotopic masses used for database searching were 42.01057
Da for acetyl, 42.04695 Da for trimethyl, 28.03130 Da for di-
methyl, 14.01570 Da for methyl, 0.98402 Da for deimination,
15.99492 Da for oxidation, and 79.96633 for phosphorylation.
Modification types were searched in groups of six different
optional modifications. For the group of six optional modifica-
tions (without phosphorylation) described above used with the
database mentioned above, the 13-parameter support vector
machine learning test ROC score (35) from 10-fold cross valida-
tion was 0.960 ( 0.009. Numerous initial searches did not find
any phosphorylated H2B sites, so further searches did not con-
sider this modification. Modifications examined by SEQUEST
included lysine (unmodified, mono-, di-, and trimethylated, and
acetylated), arginine (unmodified, deiminated, and mono- and
dimethylated), methionine (oxidized), and serine, threonine,
and tyrosine (all phosphorylated). The precursor ion spectra
of peptides identified with citrulline (Table 4), and of control
peptides containing unmodified arginine, were individually

examined to ensure the monoisotopic mass used in the database
search was selected correctly by Bioworks Browser; a number of
false positives were eliminated by this manual examination. No
N-terminal H2B modifications were identified in peptides con-
taining the N-terminus of the protein, in separate searches
for mono-, di-, or trimethylation or acetylation. Peptides with
termini not expected for the protease(s) used for digestion were
not included in the results. The mass of a precursor ion alone,
measured by FTICR-MS, is usually sufficient to derive the com-
position ofmodifications on a peptide (36), including distinguish-
ing trimethyllysine from acetyllysine. The location of modifica-
tions was then derived using SEQUEST and the MS/MS
spectrum, using a difference in the SEQUEST parameter delta
Cn of at least 0.08 (37) to distinguish the top choices. In many
cases, there were multiple combinations of modifications at
different positions consistent with the MS and MS/MS data;
thus, our set of modified sites likely underestimates the full popu-
lation of modifications. Ambiguities in the site of modification
are noted in the tables.
Analysis ofModificationsUsing InsPecT.Post-translational

modifications were independently analyzed using InsPecT (28),
version 20061212. This software did not allow a precursor ion
mass tolerance in parts per million; thus, a tolerance of 0.008 Da
(10 ppmmass accuracy for an 800 Da precursor) and the default
product ion tolerance of 0.5 Da were used. Both one and two
modifications were allowed per peptide in separate runs; the
inability to analyze three or more modifications per peptide may
account in part for the smaller number ofmodifications identified
compared to SEQUEST. A maximal modification size of 95 was
allowed, and the default p value cutoff was 0.05. Since cleavage
after Glu and Asp or before Asp could not be specified in the
program, searches requiring no enzyme specificity were used, and
peptides were selected that had terminal cleavages expected for
the proteases used to digest H2B. Searches allowing peptidemass
modifications greater than 95 Da were difficult to interpret since
extra mass was often added to peptide termini which represented
extensions of the peptide sequence inH2B.The InsPecT-calculated
p value reflects the probability that the match between the seq-
uence and MS/MS spectrum is spurious; lower numbers are
better. Trimethyl- and acetyllysines were manually distinguished
by precursor mass accuracy after InsPecT assigned the sequence
to the MS/MS spectrum.
Support Vector Machine Learning Analysis. SEQUEST

results were analyzed using the support vector machine learning
program GIST (35). Version 2.0.5 (http://microarray.cpmc.
columbia.edu/gist/) was used with a quadratic kernel function,
a diagonal factor of 0.03, and a constant of 10. A training set with
LTQ-FT data was used for GIST analysis. Each peptide was
associated with 13 parameters (38), including peptide-protonated
massMH, peptide charge z, peptide ion current, the difference in
mass between the predicted mass of the top-ranked peptide and
the experimentally observed peptide mass (dM), the SEQUEST
parametersXcorr, delta Cn, Sp, RSp, y, and b ionmatch (27), the
fraction of the total MS/MS spectrum ion current matched by
peaks from the best-fit peptide, the fraction of the total MS/MS
spectrum peaks matched by peaks from the best-fit peptide, the
total number of MS/MS spectrum peaks, and the sequence
homology between the top two best-fit peptides. Probabilities
of the correct sequence assignment were calculated using GIST
(35). In the context of analysis of purified histones, and since
the mass of the FTICR-MS-measured precursor ion is usually
sufficient to derive the composition of modifications on a peptide
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(36), the peptide probability is useful in distinguishing the top two
choices resulting from SEQUEST analysis.

RESULTS

FTICR-MS Overview of Histone H2B Modifications.
We wished to characterize post-translational modifications of
Neurospora histone H2B because our preliminary studies using
AUT�AU 2D gels implicated modifications of this histone as
particularly sensitive to mutation of the histone deacetylase gene
hda-1 (25). We used high-resolution, preparative AUT�AU 2D
gels to purify acid-soluble proteins extracted from wild-type or
hda-1 lysates. The gels separate core histonesH2A,H2B,H3, and
H4 via the differential binding of Triton X-100 (26). Histone
species differing by charge-altering modifications (potentially
acetylation, phosphorylation, deimination, and deamidation)
appear as spots trailing diagonally to the top left. Figure 1 shows
a comparison of Coomassie-stained 2D gels of histones purified
from wild-type (WT) and hda-1 strains. While minor differences
can be seen upon comparison of histones H4 and H3, the most
pronounced differences occur with histone H2B. The diagonal
ladder of spots a-e for H2B isolated from the hda-1 strain was
extended by one or two additional spots compared to the WT
H2B ladder, suggesting the presence of additionalmodified forms
of hda-1 H2B.

To characterize differences between wild-type and hda-1H2B,
individual H2B 2D gel spots were electroeluted from fixed and
stained gels and introduced into the mass spectrometer source
using static nanospray. The masses of H2B and various modified
forms were obtained at high resolution (R = 200000). Figure 2
compares the FTICR mass spectrum of WT H2B spot a (the
lowest spot in the H2B ladder) with the spectrum of the next
higher spot in theWTH2B ladder (WT spot b), to illustrate mass
shifts of similar peaks in the two spectra. No unmodified H2B,
which would occur at a monoisotopic mass of 14700.97 Da, was
observed. Each peak represents a carbon isotope cluster of a
particular modified form (or isobaric forms). Both WT spot a
andWT spot b spectra consist of approximately three clusters of
approximately seven peaks, which for WT spot a are centered on
peaks 3, 9, and 15 in Figure 2.

Together, ∼20-25 modified forms are shown for each H2B
spot, with the most highly modified forms representing a mass
addition of more than 400 Da. Individual peaks in the WT spot
b clusters are shifted to higher masses by 42 Da compared to
corresponding peaks in theWT spot a cluster. The common shift
of 42 Da suggests that most peaks in spot b have this additional

modification compared to peaks in spot a; the mass of 42 Da is
consistent with the addition of an acetyl group. An additional
modification of 1Da in spot a (for example, fromArg conversion
to citrulline, or Asn or Gln deamidation) that is not present in
spot b could give rise to a shift of 41 Da, and an additional modi-
fication of 1 Da in spot b not present in spot a would give a 43Da
shift. Amounts of wild-type H2B in spot c were insufficient to
allow acquisition of a good high-resolution spectrum.

Monoisotopicmasses calculated for each of themajor Figure 2
peaks are listed in Table 1. Most peaks are shifted from unmodi-
fiedH2B by integral multiples of 14Da or onemethyl group. For
eachpeak, themass shiftsmay thus reflect the compositionofmethyl
groups, but for some peaks, the exact composition of methylated
species (mono-, di-, or trimethyllysine and/ormono- and dimethyl-
arginine) cannot be defined from mass alone. Similar results
were obtained comparing hda-1H2B spots a and b, with peaks in
spot b shifted by þ42 Da compared to peaks in spot a and with
the appearance of 20-25 peaks spaced by 14 Da (see Figure 2B
of the Supporting Information and the right half of Table 1).
Comparison of hda-1 H2B spots b and c gave similar results
(Figure 2C of the Supporting Information), while peaks in WT
spot a and hda-1 spot a were not shifted by 42Dawhen compared
(Figure 2D of the Supporting Information).
LC-MS/MSAnalysis ofN-TerminalPeptideMethylation.

To examine the location of methyl groups indicated by experi-
ments illustrated in Figure 2, as well as the location of other
modifications, electroeluted protein fromallWTH2B spots (and,
separately, protein from all hda-1 spots) was combined and
digested with gluC endoprotease, with a combination of aspN
and gluC endoproteases, or with argC endoprotease, which can
also cleave after lysine residues (39). Digests were then examined
by capillary LC-MS/MS on an LTQ-FT instrument. Table 2
shows methylations identified on PPKPADKKPASKAPATAS-
KAPE containing the N-terminus of H2B, and fragments of this
peptide, found in wild-type and hda-1 H2B. Some sites of lysine
acetylation were also found on methylated peptides. To provide

FIGURE 1: High-resolution two-dimensional polyacrylamide gel
electrophoresis of histones isolated from wild-type and hda-1 strains
of N. crassa. Histones from wild-type (A) and hda-1 (B) strains of
N. crassawere resolved in acetic acid, urea, andTritonX-100 (AUT) in
the horizontal dimension and acetic acid and urea (AU) in the vertical
dimension. Proteins were stained with Coomassie blue R-250. All four
core histones (H2A,H2B,H3, andH4) were observed.Wild-typeH2B
appears as a diagonal ladder of three labeled spots with a fourth faint
spot, while hda-1H2B appears as a diagonal ladder of five spots.

FIGURE 2: FTICR mass spectrometry of electroeluted histone H2B
2Dgel spots.ThemonoisotopicmassofunmodifiedH2Bis14700.97Da
(vertical arrow). Each single spectral peak represents an isotope
cluster for one or more modified forms of histone H2B. Listed mass
shifts are based onmonoisotopicmasses calculated by THRASH (34),
which are aligned with the most abundant isotopic peak of each
isotope cluster for the sake of clarity. The spectra are aligned to
allow comparison of clusters of peaks. The high-resolution mass
spectrum is shown for the lowest (WT spot a) and next upper (WT
spot b) wild-type histone H2B spots. Mass shifts for each peak are
listed in Table 1. The y-axis represents relative abundance.
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an overall view of the extent of N-terminal modification, results
are combined from the different proteolytic digestions. With use
of an FTICR instrument to examine peptides, mass accuracy is
sufficient to define the composition of most post-translational
modifications in peptides derived fromproteolytic digests of puri-
fied histones. The location in peptides of modified residues was
then derived, when possible, from MS/MS spectra.

For wild-type H2B, methylated N-terminal peptides could be
divided into peptides with zero, one, or two acetylated lysines.No
unmodified PPKPADKKPASKAPATASKAPE was observed
for either wild-type or hda-1H2B. Lys4 was identified separately
with one, two, and three methyl groups, and Lys8 was identified
with one methyl group. For this N-terminal peptide, for each
acetylation state (zero, one, and two acetyls), multiple levels of
methylation were observed.

For hda-1H2B, PPKPADKKPASKAPATASKAPEwith one,
two, and three acetylated Lys residues was observed, each contain-
ing one to four, two to five, and one to three methyl groups, res-
pectively. Lys4 was identified separately with one and two methyl
groups.We did not observe this peptidewithout an acetylated Lys,
possibly because of lower relative levels of the unacetylated formof
H2B (Figure 1B, spot a) than for WTH2B spot a. Often multiple
different positional combinations of methyl groups, among the
five lysines in this peptide, were consistent with the MS/MS spec-
tra. Acetylation was individually identified on Lys4 (see Table 6),
Lys8, Lys13, and Lys20; acetylation on Lys13 and Lys20 was
identified only on multiply acetylated peptides, suggesting they
may not be initial sites of acetylation in hda-1 H2B.
LC-MS/MS Analysis of the Globular Domain and

C-Terminal Lysine Methylation. Proteolytic digests of wild-

type and hda-1 H2B were examined for methylations not in the
N-terminal tail, using both underivatized and propionylated
H2B. Table 3 shows the identification of methylated peptides
in this region. In wild-typeH2B,methylated lysines includedK45
or K54, K57, K97, K127, and K137 at the C-terminus. With the
exception of trimethyllysine 97, modifications were methyl or
dimethyl groups and occurred either alone or in combination with
other Lys or Arg methyls, or citrulline. For HDA1-inactivated
H2B, globular domain lysines were methylated or dimethylated
at K54, K57, K90, K96, K97, and K119. Some of these occurred
in combination with methylated arginine. Figure 3A shows a
graphic overview of lysine methylations (and Arg modifications)
in wild-type and hda-1 H2B. The identified methylations under-
estimate the total methylated residues since in some cases the
MS/MS spectra cannot distinguish some (particularly adjacent)
methylated sites, which are not indicated in the figure. Overall,
methylation appears to differ betweenWTand hda-1H2B at nine
sites (Figure 3A).
LC-MS/MSAnalysis of ArginineModifications.Modi-

fications of arginine in histones are of particular interest since
arginine dimethylation may be involved in gene activation and
repression, while arginine deimination to citrulline may lead to
transcriptional repression (40). Citrulline has been observed in
histones H3, H2A, and H4 (41) but not, to the best of our know-
ledge, in H2B (42). We thus examined different H2B peptide
maps for the presence ofmodified arginine. LC-MS/MSanalysis
identified several modified arginines in both wild-type and hda-1
H2B, listed in Table 4. In wild-type H2B, monomethylarginine
was identified at R103, while dimethylarginine was identified at
R110. In hda-1H2B, monomethylarginine was identified at R103.

Table 1: Mass Shifts of Monoisotopic Peaks in Histone H2B Spectraa

shifts in the WT spot a spectrum of Figure 2A shifts in the hda-1 spot a spectrum of Figure 2B

peak mass (Da), MHþ shift (Da) methyl group equivalents peak mass (Da), MHþ shift (Da) methyl group equivalents

14701.0 0 peak not observed 14701.0 0 peak not observed

1 14715.0 14.0 1 methyl 1 14715.0 14.0 1 methyl

2 14729.1 28.1 2 methyls 2 14729.0 28.0 2 methyls

3 14743.0 42.0 3 methyls 3 14743.1 42.1 3 methyls

4 14758.1 57.1 4 methyls þ 1 4 14758.1 57.1 4 methyls þ 1

5 14771.1 70.1 5 methyls 5 14771.1 70.1 5 methyls

6 14785.0 84.0 6 methyls 6 14785.1 84.1 6 methyls

7 14813.1 112.1 8 methyls 7 14800.1 99.1 7 methyls þ 1

8 14827.1 126.1 9 methyls 8 14812.1 111.1 8 methyls - 1

9 14842.1 141.1 10 methyls þ 1 9 14827.0 126.0 9 methyls

10 14856.1 155.1 11 methyls 10 14841.1 140.1 10 methyls

11 14869.1 168.1 12 methyls 11 14856.1 155.1 11 methyls

12 14895.1 194.1 14 methyls - 3 12 14868.1 167.1 12 methyls - 2

13 14912.0 211.0 15 methyls 13 14882.1 181.1 13 methyls - 2

14 14925.1 224.1 16 methyls - 1 14 14898.0 197.0 14 methyls

15 14940.1 239.1 17 methyls 15 14911.1 210.1 15 methyls - 1

16 14954.1 253.1 18 methyls 16 14925.1 224.1 16 methyls - 1

17 14968.1 267.1 19 methyls 17 14940.1 239.1 17 methyls

18 14993.1 292.1 21 methyls - 3 18 14955.1 254.1 18 methyls þ 1

19 15024.1 323.1 23 methyls 19 14994.1 293.1 21 methyls - 2

20 15052.2 351.2 25 methyls 20 15009.2 308.1 22 methyls - 1

21 15068.2 367.2 26 methyls þ 2 21 15023.2 322.2 23 methyls - 1

22 15137.2 436.2 31 methyls 23 15051.1 350.1 25 methyls - 1

24 15067.2 366.2 26 methyls þ 1

25 15107.2 406.2 29 methyls - 1

26 15122.2 421.2 30 methyls

aMonoisotopic masses were calculated using THRASH (34). Addition of a methyl group adds 14.057 Da. Addition of an acetyl adds 42.011 Da. Arg
deimination or deamidation of Asn or Gln adds 0.985 Da. The added mass from three methyls or one trimethyl, or one acetyl group probably cannot be
distinguished, as the mass shift of an acetyl from a trimethyl group would be 2.47 ppm for intact H2B, which may be below the mass accuracy of these spectra.
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Our LC-MS/MS analysis did not distinguish symmetric from
asymmetric arginine dimethylation.

Citrulline, which results from deimination of arginine cata-
lyzed by peptidyl arginine deiminases (43-45), is identified by a
mass gain of 0.984 Da relative to arginine. SEQUEST-identified
citrulline peptide precursors weremanually checked to ensure the
monoisotopic peak was selected. Most of the arginines identified
as modified appear to be only partially modified, as cognate un-
modified peptides containing the site were also observed.
Analysis of Lysine Acetylation in Histone H2B.We used

LC-MS/MS to examine differences in acetylation between H2B
from WT and hda-1 H2B. The monoisotopic masses of acetyl-
and trimethyllysine differ by 0.036 Da or 18 ppm for a 2 kDa
peptide; this difference in precursor ions is readily detectable

using an LTQ-FT (33). Identified acetylated lysines not in the
N-terminal tail ofH2B are listed inTable 5. Lysines 96 and 97were
partially acetylated in both H2B samples. In addition, acetylated
lysines were identified at positions 54, 57, and 119 of hda-1H2B.
An MS/MS spectrum of the hda-1 H2B peptide PPKPADKK-
PASKATATASKAPE identifying bothdimethylation ofK4 and
acetylation at lysines 8 and 13 is shown in Figure 3B.

To further examine differences between WT and hda-1 H2B,
individual 2D gel spots similar to those in Figure 1 were electro-
eluted from two different batches of Neurospora in separate
experiments and digested in solution with a combination of gluC
and aspN endoproteases. The lowest three gel spots from both
WTand hda-1H2Bwere analyzed. Results from the two separate
experiments are combined in Table 6. In both experiments,
numerous H2B peptides were identified (data not shown), but

Table 2: Methylation of N-Terminal Peptides of Histone H2Ba

peptide MHþ,
precursor z

PTM

composition modified sites probability

WTH2B

PPK4PADK8K9PASK13

1277.763, 3 1 Me K4-Me 0.86

1291.773, 4 1 Me2 K4-Me2 0.92

1305.800, 3 1 Me3 K4-Me3 0.87

DK8K9PASK13APATASK20APE

1696.922, 2 none none 0.83

1738.981, 3 3 Me several combinations 0.70

PPK4PADK8K9PASK13APATASK20APE

2201.235, 3 1 Me K4-Me 0.71

2215.242, 4 2 Me several combinations b

2215.247, 5 2 Me K4-Me, K8-Me 0.54

2229.267, 3 1 Me3 K4-Me3 0.86

2257.255, 4 1Ac þ 2Me several combinations b

2271.278, 4 1Ac þ 3Me multiple combinations b

2285.288, 4 1Ac þ 4Me multiple combinations b

2313.287, 4 2Ac þ 3Me multiple combinations b

hda-1H2B

DK8K9PASK13APATASK20APE

1696.939, 3 none none 0.99

1738.962, 3 1Me3 K8, K9, or K13 0.67

PPK4PADK8K9PASK13APATASK20APE

2243.251, 3 1Ac þ 1Me K4-Me, K8-Ac 0.60

2257.264, 4 1Ac þ 2Me K4-Me2, K8-Ac 0.91

2271.280, 4 1Ac þ 3Me many combinations b

2285.297, 3 1Ac þ 4Me many combinations b

2299.270, 3 2Ac þ 2Me most have K4-Me2, K8-Ac 0.75

2313.296, 3 2Ac þ 3Me many combinations b

2327.304, 3 2Ac þ 4Me multiple combinations b

2341.323, 3 2Ac þ 5Me multiple combinations b

2327.266, 3 3Ac þ 1Me three combinations b

2341.286, 3 3Ac þ 2Me K4-Me2, K20- or K13-Ac,

K8- or K9-Ac

b

2355.300, 3 3Ac þ 1Me3 multiple combinations b

aResidues are numbered starting with the N-terminal Met, which is
removed in vivo for H2B. Site-specific modifications are indicated when
uniquely identified in MS/MS spectra. The probability of correct sequen-
cing for the top-ranked peptide is listed. In most cases, the H2B peptide and
its composition of modifications are identified by mass alone. bComposi-
tion identified by mass.

Table 3: Histone H2B Globular Domain Lysine Methylations

peptide MHþ,
precursor z

PTM

composition modified sites probability

WTH2B

K45ETYSSYIYK54VLK57QVHPDTGISNR

2826.492, 4 none none 0.96

2854.507, 3 2Me K45- or K54-Me2 0.97

2854.489, 4 2Me K57-Me2 0.79

ASK90LAAYNK96K97STISSR103E

1853.997, 3 none none 0.91

1882.028, 3 2Me K96- or 97-Me2 0.94

1896.041, 3 1Me3 K97-Me3 0.87

IQTSVRLILPGELAKHAVSEGTK127AVTKYSSSTK137

3499.969, 4 none none 0.996

3513.980, 4 1Me K127-Me 0.97

3527.984, 3 2Me K127-Me2 0.97

GTKAVTKYSSSTK137

1357.733, 3 none none 0.98

1595.859,a 2 1Me K137-Me 0.81

hda-1H2B

LAK119HAVSE

854.472, 2 none none 0.94

882.469, 2 2Me K119-Me2 0.76

TYSSYIYK54VLK57QVHPD

1941.009, 2 none none 0.99

1969.012, 2 2Me K54-Me2 0.76

1968.988, 2 2Me K57-Me2 0.59

1983.100, 2 1Me3 K57-Me3 0.72

ASK90LAAYNK96K97STISSR103E

1854.018, 2 none none 0.99

1882.012, 2 2Me K90-Me2 0.80

2064.148,a 2 3Me K90-Me2, R103-Me 0.96

2036.148,a 2 5Me K96- or K97-Me2, R103-Me 0.96

IQTSVRLILPGELAK119HAVSE

2161.240, 3 none none 0.87

2175.248, 3 1Me K119-Me 0.98

2189.267, 3 2Me K119-Me2 0.94

aIdentified after propionylation.
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acetylated lysines were identified only in the N-terminal tail, in
peptides DKKPASKAPATASKAPE and DAGKKTAASG.
Combining both experiments, WT H2B had acetylated lysines
at positions 8, 13, and 20 (and possibly position 9), while hda-1
H2B had acetylated lysines at positions 8, 13, 20, and 29 (and
possibly position 9). Generally, more acetylated sites were iden-
tified in the higher spots b and c than in spot a. Most sites were
identified from peptides with one or two acetyl groups. Table 6
(bottom) summarizes additional N-terminal peptides from ana-
lyses of pooled spots in separate experiments. No additional sites
of acetylated lysine were identified in WT H2B, while acetylated
lysines were identified at positions 4, 8, 9, 13, and 20 for hda-1
H2B.A summary of all of the sites of acetylation identified inWT
and hda-1H2B is shown inFigure 3C. For spots a and b, peptides
without Lys acetylation were often observed for H2B from
both strains, suggesting individual H2B lysines are only partially
acetylated in these spots.

ForH2B isolated fromboth strains, no unmodified PPKPAD-
KKPASKAPATASKAPE was identified in experiments sum-
marized inTable 3 and in the bottomof Table 6. This explains the
observation in Figure 2 that no unmodified H2B was isolated
from either strain. A summary of all modifications detected by
SEQUEST is shown in Figure 4B.
Analysis of Histone H2B Modifications Using the Blind

Search Algorithm InsPecT. To extend the analysis of modi-
fications in H2B, we analyzed the LC-MS/MS data using
InsPecT (28). This algorithm searches for post-translational modi-
fications of peptides without a prior specification of the modi-

fication mass and has been used to examine heavily modified
proteins such as lens crystallins (46). It may thus be useful for iden-
tification of modifications not specified in the usual SEQUEST
searches. To distinguish between acetyl- and trimethyllysine, the
modification giving the lowest precursor mass error was selected.

Table 4: Modified Arginines in Histone H2B

peptide MHþ,
precursor z

PTM

composition

modified

sites probability

WTH2B

TGISR68AMSILNSFVN

1723.881, 2 none none 0.99

1724.864, 2 1cita R68-cit 0.69

ASK90LAAYNKKSTISSR103E
b

1854.008, 2 none none 0.88

2092.133, 2 1Me R103-Me 0.96

2064.134, 2 3Me R103-Me, K90-Me2 0.90

2064.116, 2 3Me R103-Me, K96- or 97-Me2 0.89

2036.139, 2 5Me R103-Me, K90-Me2,

K96- or K97-Me2

0.88

2036.116, 2 3Me þ 2Ac R103-Me, K96- or K97-Ac,

K90-Me2

0.80

ASKLAAYNKKSTISSREIQTSVR110LILPGE

3188.806, 3 2Me R110-Me2 0.52

hda-1H2B

DTGISR68AMSILNSFVND

1838.907, 2 none none 0.90

1839.893, 2 1cit R68-cit 0.97

ASKLAAYNKKSTISSR103E
b

1854.018, 2 none none 0.99

2092.132, 2 1Me R103-Me c 0.95

acit, citrulline. bIdentified after propionylation, except for the unmodi-
fied peptide. cAll three top choices have R103-Me.

FIGURE 3: Post-translationalmodifications identified onNeurospora
histone H2B. (A) Lysine and arginine modifications identified in
Neurospora histone H2B.Modifications are indicated by circles above
the modified H2B residue. The top sequence indicates modification
sites in wild-type (WT) H2B; the bottom sequence shows modifica-
tion sites in hda-1 H2B. In some cases, MS/MS spectra could not
distinguish which of several alternative lysines are methylated; seve-
ral of these sites are indicated with brackets spanning the potential
modified lysines. The sequence coverage in combined LC-MS/MS
experiments is indicated by underlined residues. (B) MS/MS spec-
trum identifying the doubly acetylated, doubly methylated hda-1
H2B N-terminal peptide PPK(Me2)PADK(Ac)KPASK(Ac)APA-
TASKAPE using SEQUEST. (C) Summary of lysine acetylation in
wild-type and hda-1 H2B. Acetylation at each of the sites is partial
since other modifications (or no modification) were identified at
each of the indicated sites. The sequence coverage from individual
peptides is underlined. Acetylated sites in hda-1H2B but not inWT
H2B are potential substrate sites for the HDA1 histone deacetylase.
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Fewer modification sites were identified than with SEQUEST
andare summarized forH2B isolated fromboth strains inTable 7
andFigure 4A. Someof themodifications identified bySEQUEST
were also observed with InsPecT, often at the same sites, includ-
ing lysine dimethylation, and lysine acetylation or trimethylation.
Modifications not examined in standard SEQUEST searches,
but identified by InsPecT, includemethionine sulfone, asparagine
and glutamine deamidation, and Glu methyl esterification.

DISCUSSION

We have performed the first detailed characterization by mass
spectrometry of histone H2B from N. crassa, a filamentous fun-
gus important in the history of genetics and biochemistry and a
model organism useful for genetic dissection of epigenetic pheno-
mena such as DNA methylation (11). High-resolution 2D acid-
urea-Triton X acid-urea gels show differential modification of
WT and hda-1 H2B, identifying histone H2B as a substrate for
this enzyme. Our results show Neurospora H2B has some novel
features, and a number of modification differences between WT
and hda-1H2B are observed.Wehave identified a variety of post-
translational modifications, including some likely due to solution
chemistry (Met oxidation and Asn andGln deamidation), due to
preparation artifacts (methyl esterification), or of unexplained
origin (Met sulfone formation). Known histone modifications
such as phosphorylation (47, 48), ADP ribosylation (49), bioti-
nylation (50), ormethylationof theN-terminusof thehistone (51)
were not observed.
H2BMethylation.Wedetected no unmodified H2B. Instead,

the smallest modification was a single methyl group for bothWT
and hda-1 H2B. Each H2B 2D gel spot appears to represent
an ensemble of 20 or more modified forms, not counting iso-
baric species, withmany peaks spaced by 14Da, part of apparent
methylation ladders. These ladders are organized further into
three or more clusters of approximately seven methylated species

each. The centers of themethylation clusters are shifted by 98Da,
which could be due to addition of seven methyl groups. If the
highest-mass 14 Da-shifted peaks were assigned entirely to
methylation (Table 1), ca. 30 or more methyl groups could be

Table 5: Non-N-Terminal Tail Acetylated Lysines in Histone H2B

peptide MHþ,
precursor z

PTM

composition

modified sites

if identified probability

WTH2B

ASK90LAAYNK96K97STISSR103E

1896.019, 3 1Ac K97-Ac 0.92

2036.116,a 2 3Me þ 2Ac R103-Me, K96- or K97-Ac,

K90-Me2

0.80

hda-1H2B

ASK90LAAYNK96K97STISSR103E

2036.101,a 2 2Ac þ 3Me K96- or K97-Ac, R103-Me,

K90-Me2

0.87

TYSSYIYK54VLK57QVHPD

1941.009, 2 none none 0.99

1983.029, 2 1Ac K57-Ac 0.72

1983.026, 2 1Ac K54-Ac 0.68

LAK119HAVSE

854.474, 2 none none 0.93

896.483, 2 1Ac K119-Ac 0.84

aIdentified after propionylation.

Table 6: Wild-Type and hda-1HistoneH2B 2DGel SpotLysine Acetylations

peptide MHþ,
precursor z

PTM

composition

modified sites

if identified probability

WTSpot a

DK8K9PASK13APATASK20APE

1696.923, 2 none none 0.99

1738.933, 3 1Ac K8- or K9-Ac 0.78

WTSpot b

DK8K9PASK13APATASK20APE

1696.923, 2 none none 0.92

1738.934, 3 1Ac K8-Ac 0.94

WT Spot c

DK8K9PASK13APATASK20APE

1738.936, 3 1Ac K8- or K9-Ac 0.86

1780.941, 2 2Ac K13, K8- or K9-Ac 0.58

1780.957, 2 2Ac K20, K9- or K8-Ac 0.70

hda-1 Spot a

DK8K9PASK13APATASK20APE

1696.921, 2 none none 0.98

1738.933, 3 1Ac K13-Ac 0.69

hda-1 Spot b

DK8K9PASK13APATASK20APE

1696.925, 2 none none 0.99

1738.945, 3 1Ac K8-Ac 0.87

1738.937, 2 1Ac K13-Ac 0.61

hda-1 Spot c

DK8K9PASK13APATASK20APE

1738.932, 3 1Ac K8-Ac 0.89

1738.930, 3 1Ac K13-Ac 0.85

1780.942, 2 2Ac K20, K8- or K9-Ac 0.57

DAGK29K30TAASG

947.480, 2 1Ac K29-Ac 0.54a

Pooled Spots,Multiple Experiments

hda-1H2B

K8K9PASK13APATASK20APE

1707.935, 2 3Ac K9, K13, K20-Ac 0.88

PPK4PADK8K9PASK13APATASK20APE

2243.251, 3 1Ac þ 1Me K8-Ac, K4-Me 0.60

2257.264, 4 1Ac þ 2Me K8-Ac, K4-Me2 0.91

2299.270, 3 2Ac þ 2Me K13, K8-Ac, K4-Me2 0.75

2313.290, 4 2Ac þ 3Me K4-Ac, K8-, 9-, or 13-Ac 0.86b

aAlso identified by InsPecT (Table 7). bAll top choices have K4-Ac.
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simultaneously present in a small subset of H2B molecules. By
comparison with the maximal number of methyl groups identi-
fied by LC-MS/MS in Figure 3A (19 for WT H2B and 19 for
hda-1H2B), more individual sites of methylation may remain to
be identified. Since at the protein level it is more difficult to
distinguish three methyls from an acetyl group, and in view of the
LC-MS/MS results, some of the modified forms contain a
mixture of methyl and acetyl groups. For individual gel spots,
much of the heterogeneity in methylation appears to be asso-
ciated with the N-terminal peptide PPKPADKKPASKAPA-
TASKAPE, for which no unmodified species was observed. The
state ofmethylation of this peptide explains the observation of no
unmodified WT or hda-1 H2B. Further heterogeneity in methy-
lation is due to different methylated states of peptide ASK-
LAAYNKKSTISSRE. Methylated sites in H2B include mono-,
di-, and trimethylated lysine, mono- and dimethylarginine, and
glutamate methyl esters. Symmetric and asymmetric Arg methy-
lation were not distinguished in these experiments. Methyla-
tion may be important as transitions among mono-, di-, and
trimethyllysine may control dynamic processes such as transcrip-
tion and DNA repair (52).

Of the 12 different sites of methylated lysine identified in WT
and hda-1 H2B, eight (Lys54, -57, -90, -96, -97, -119, -127, and
-137) are not in the N-terminal tail, roughly residues 2-32 (53),
but instead are in the globular domain of H2B. As discussed
below, some of thesemethylated lysine residues could be involved
in DNA binding or histone subunit interactions and assembly.
Interestingly, Xiong et al. (54) detected N-terminal H2B methy-
lation and dimethylation and confirmed our observation of
mono-, di-, and trimethylation of Lys4.
Lysine Acetylation. We initially examined modifications of

Neurospora histones for changes correlated with the absence of
the HDA1 histone deacetylase. 2D gels show that the most
noticeable changes in histones are inH2B, with the appearance of
additional spots shifted to higher masses. Clusters of methylated
H2B observed by FTICR-MS are shifted up by 42 Da in each
higher gel spot, consistent with the shift being due to an addi-
tional acetylation for each higher spot. This is consistent with
similar early observations fromone-dimensionalAUTgels (55, 56)
run onHPLC-isolated protein fractions. However, acetylation of
H2B lysines can be complex, as we have found five different
acetyllysine sites for WT H2B and 11 for hda-1 H2B. The high
ratio of different acetylated sites to the number of acetylated
lysines in the 2D gel spots suggests many different individual
acetylated species of H2B may exist in Neurospora. Approxi-
mately half of the acetylated lysine sites are in the N-terminal tail,
while about half are in the globular region, where modifications
may be associatedwith the control of dynamics of histone-DNA
interactions (6).

In different histone preparations, different sites of acetylation
were observed for WT and hda-1H2B, ranging from acetylation
only in the N-terminal tail for the two main experiments com-
bined in Table 6 to acetylation that includes the globular domain
and closer to the C-terminus (Table 5). This range of results sug-
gests uncontrolled variables affecting lysine acetylation, which
could include differences in the physiological state ofNeurospora
cultures grown and harvested at different times, small differences
in histone isolation procedures, proteolytic digestion procedures,
or levels of added histone deacetylase inhibitors, or other
variables. This may explain the results of Xiong et al. (54), who
observed acetylation ofWT lysines only in the N-terminal tail, at
positions 8, 13, 20, 29, and 30. This variability makes identifica-
tion of substrate site(s) for HDA1, expected to be lysines
acetylated in hda-1 H2B but not in WT H2B, more difficult.
Current candidates include Lys4, -9, -54, -57, and/or -119. Yeast
HDA1 deacetylates histone H2B as well as histone H3, with
deacetylation of H2B at lysine 16, which (based on sequence
alignments in Figure 5) is most homologous to NeurosporaH2B
Lys24. We cannot rule out this lysine as a substrate for HDA1
since our sequence coverage did not include residues 24 and 25.
We have found that methylations at nine different sites differ
between WT and hda-1 H2B. Three of these sites (K4, K57, and
K119) also differ in acetylation. The acetylation state of the sub-
strate lysine(s) for HDA1may be linked to the presence of modi-
fications at otherH2B sites, a possibility previously suggested (57).
Arginine Modifications. We have observed three modified

states of arginine in Neurospora H2B, including monomethyl-
and dimethylarginine and arginine deiminated to citrulline.
Citrulline has been observed previously in histones H2A, H3,
and H4 (42) but not, to the best of our knowledge, in H2B.
Ca2þ-dependent peptidyl arginine deiminase 4 catalyzes arginine
deimination in histonesH2A,H3, andH4 in human cells (42) and
is thought to have a broad substrate sequence specificity (58). By

FIGURE 4: Comparison of Neurospora histone H2B post-transla-
tional modifications identified by two algorithms. (A)Modifications
identified by the blind search algorithm InsPecT (28). InsPecT identi-
fied several modifications not observed in standard SEQUEST sear-
ches, including deamidated Asn or Gln (circle withþ1), Met sulfone
(circle withþ32), and a glutamatemethyl ester (me). Othermodifica-
tions were oxidized Met (circle with þ16), dimethyllysine (me2), tri-
methyllysine (me3), and acetyllysine (ac). Sequence coverage of identi-
fied peptides is indicated by underlined residues. Acetyl- and
trimethyllysine were distinguished by precursor ion mass. (B) Sum-
maryof allmodifications identified inwild-type andHDA1-inactivated
H2B using SEQUEST, indicated by circles over modified residues:
methyl (me), dimethyl (me2), trimethyl (me3), acetyl (ac), and Arg
modified to citrulline (cit).
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alignment (59) of Neurospora H2B with an H2B of known
structure (Table 8), all modified arginines appear to be in the
globular domain of the protein rather than in the N-terminal
tail. Previous sites of histone Arg deimination have been in the
N-terminal tails of histones H2A, H3, and H4 (42, 44); thus, the
location of a site ofArg deimination in a histone globular domain

may be novel. Arg methylation or dimethylation may prevent
deimination by peptidyl arginine deiminases (44, 60), and Arg
deimination may antagonize Arg methylation. Arginine deimi-
nation to citrulline may lead to transcriptional repression (40).
A functional interaction between Arg methylation and deimina-
tion inH2B is unclear, since at least so far, themodifications have
not been found on the same arginines.

Arginine methylation may modulate intermolecular interac-
tions, due to increased side chain bulk and loss of a hydrogen
bond donor (61), andmaybe amark for pluripotency (62).Histone
arginine dimethylation may be involved in gene activation and
repression (40). Three potential arginine methyltransferases,
homologues of human PRMT1, -3, and -5, have been identified
in theNeurospora genome (63) but, to the best of our knowledge,
have not been studied in detail. Homologues of these enzymes
have, however, been studied in other organisms. The homologue
of PRMT1 in the fungus Aspergillis nidulans, RmtA, is specific
for histone H4 arg3 (64). PRMT1-catalyzed histone asymmetric
arginine dimethylation is involved in gene activation (45), while
PRMT5 mediates symmetrical dimethylation of arginine 3 on
histone H2A and/or H4 tails (65), which is associated with gene
repression (45). Interestingly, arginine methylation may be indir-
ectly linked to DNA methylation, as PRMT5 and its substrate
MBD2 are recruited to CpG islands in a DNA methylation-
dependent fashion in vivo, and the substrate histone H4 R3 is
dimethylated at these foci (66). Fission yeast PRMT3 is a ribo-
somal protein that catalyzes the formation of asymmetric (type I)
dimethylarginine (67), has the ribosomal protein rpS2 as a sub-
strate in mouse cells (68), and is not currently known to modify
histones. Thus, it is currently unclear which enzyme catalyzes
monomethylation of arginine in H2B.

Table 7: Analysis of Histone H2B Post-Translational Modifications Using InsPecTa

identified peptide MHþ, z p value modification

WT H2B

DKKPASKAPATASKAPE 1696.924, 2 0.00143 none

DK8þ42KPASKAPATASKAPE 1738.934, 3 4.0 � 10-5 K-Ac

DKKPASK13þ42APATASKAPE 1738.933, 3 0.0056 K-Ac

ASKLAAYNKKSTISSRE 1853.997, 3 7.0 � 10-5 none

ASKLAAYN95þ1KKSTISSRE 1855.017, 4 0.026 N deamidation

TYSSYIYKVLKQ58þ1 1493.796, 2 0 Q deamidation before gluC cleavage

DTGISNRAMSILNSFVN 1838.905, 2 0.00035 none

DTGISNRAM70þ16SILNSFVN 1854.903, 2 2.0 � 10-5 M oxidation

DTGISNRAM70þ32SILNSFVN 1870.900, 2 0.0069 M double oxidation

hda-1 H2B

PPK4þ42PADK8þ42KPASKAPATASKAPE 2271.280, 4 7.0 � 10-5 K-Ac þ K-Me3
b

DKKPASKAPATASKAPE 1696.923, 2 3.0 � 10-5 none

DK8þ42KPASKAPATASKAPE 1738.935, 2 1.0 � 10-5 K-Ac

DKK9þ42PASKAPATASKAPE 1738.931, 2 0.0006 K-Ac

DKKPASK13þ42APATASKAPE 1738.937, 3 0.0030 K-Ac

DAGK29þ42KTAASG 947.479, 2 0.00021 K-Ac

ASKLAAYNKKSTISSRE 1854.019 2 0 none

ASK90þ28LAAYNKKSTISSRE 1882.015, 2 0 K-Me2
IQ106þ1TSVRLILPGELAKHAVSE 2162.220, 3 0.0263 Q deamidation

IQTSVRLILPGE116þ14LAKHAVSE 2175.255, 2 0 E methyl ester

TYSSYIYKVLKQ58þ1 1493.782, 2 0 before gluC cleavage

DTGISNRAMSILN74þ1SFVN 1839.893, 2 3.0 � 10-5 N deamidation

TGISNRAMSILNSFVND 1838.964, 2 0 none

TGISNRAM70þ16SILNSFVND 1854.911, 2 0.0013 M oxidation

aAcetyl and trimethyl groups are distinguished by precursor mass. bMass errors are for two acetyl groups (20.2 ppm), two trimethyl groups (11.8 ppm), or
one of each (4.16 ppm).

FIGURE 5: Comparison ofNeurospora histoneH2Bpost-translational
modifications with those of histone H2B forms from other organi-
sms.H2B sequences fromNeurospora, yeast (Saccharomyces cerevisiae),
calf (Bos taurus), Arabidopsis variant HTB11, and human histone
H2B (locus CAB02545) were aligned using T-coffee (59). Number-
ing startswith theN-terminalMet, although this is not present in the
mature histone. Modifications from wild-type and HDA1-inactivated
H2B were combined for the Neurospora map and include three
additional modifications reported by Xiong et al. (54).
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MappingModified Residues onto the Structure of Histone
H2B in the Xenopus Nucleosome Core Particle. The exis-
tence of new modifications at a number of Neurospora H2B
sites (Figure 5) raises the question of their potential function.
Cosgrove et al. (6) proposed that single modifications of histone
residues on the surface of the nucleosome modulate nucleosome
dynamics by changing histone-DNA interactions and affecting
DNAmobility and perhaps the exchange of histone variants into
a nucleosome core particle (NCP). To examine this possibility for
Neurospora H2B, we mapped the post-translationally modified
Lys and Arg residues to residues in the highly homologous
Xenopus H2B. Residues in the N-terminal tail were not conside-
red because of the significant sequence differences in this region.
The sequence ofNeurosporaH2Bwas aligned (59) in Table 8 with
that of theXenopusH2Bused for the crystal structure of theNCP
at 1.9 Å (53). There appear to be at least three classes of modified
residues in Neurospora H2B.

Assuming (because of the high degree of sequence similarity in
this region) that the globular core structure of theNeurosporaNCP
is similar to that of the XenopusNCP, the location of the modified
NeurosporaH2B residues close to DNA (Figure 6A) suggests they
may be involved in indirect (K54, K57, R68, and K96) or direct
(K97) DNA binding. HDA1 deacetylation of acetyllysine 54 or
57 could thus tighten the binding ofDNA to nucleosomes and per-
haps decrease DNA mobility in NCPs. In contrast, R68 deimina-

tion to citrulline, via removal of the side chain charge, could
weaken DNA-histone interactions, providing a different type of
mechanism for the regulation of DNA mobility in a NCP.

A second class of locations for modified residues includes H2B
Arg and Lys at or near subunit interfaces in the NCP structure.
Lys54 is near the H2A-H2B interface and appears to bind
directly to H2A Leu99. Neurospora H2B Arg103 lies at the
H2B-H4 interface, where it binds to H4 His75; methylation of
R103 could change H2B-H4 subunit interactions. Modification
of Lys90, buried within the core of H2B, could affect the assem-
bly and structure of H2B.

A third class of locations for modified H2B residues includes
those exposed at or near the surface of theNCP, including Lys54,
Lys57, Arg103, Arg110, Lys119, and Lys127 (Figure 6B). Modi-
fication of these residues could affect the binding of chro-
matin remodeling or other complexes or proteins to the NCP,
NCP-NCP interactions, and/or formation of higher-order
DNA structures. The existence of multiple modified states of
surface H2B residues suggests regulation of these interactions.
Comparison with Histone H2B Forms from Other Orga-

nisms. Post-translational modifications of a number of histone
H2B forms have been reported (5, 6, 51, 69-72), allowing their
comparison toNeurospora histoneH2B (Figure 5;WT and hda-1
H2B are combined). Sequences were aligned using T-coffee (59).
New (to H2B) modifications discovered here inNeurosporaH2B

Table 8: Mapping of Modified Neurospora Histone H2B Residues onto the Structure of H2B in the Xenopus Nucleosome Core Particle
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include arginine deiminated to citrulline, Arg methylation and
dimethylation, trimethyllysines, a more extensive set of modifica-
tions in the globular core, a C-terminal methyl group, and overall
more extensive methylation. Included are additional modifica-
tions reported by Xiong et al. (54), including N-terminal methy-
lation and dimethylation, and Lys 30 acetylation. More detailed
study of the non-NeurosporaH2B’s could in the future elucidate
additional modifications. A number of H2Bs are ubiquitylated
near theC-terminus; we did not examineNeurosporaH2B for this
modification. Tree frog histone H2B has been reported to be
unmodified (73). TetrahymenaH2B has been reported to have its
N-terminal alaninemono-, di-, and trimethylated andK3 andK4
acetylated and trimethylated (74). Garcia et al. (75) have used
FTICR-mass spectrometry to obtain complex envelopes ofmodi-
fied forms of the histoneH3.2 variant fromHeLa cells. However,

their broadband spectrum of H2B from asynchronous HeLa S3
cells contained mainly unmodified H2B variants and a total of
five isotopic clusters, suggesting far less complexity of modified
forms than for H3.2 (17).

Trimethyllysine was identified at four different lysines in
Neurospora H2B but, to the best of our knowledge, has not been
reported in yeast, calf, human, or Arabidopsis histone H2B. Nine
different sites of dimethyllysine were observed inNeurosporaH2B,
while only single sites were annotated in calf (5, 69), human (71),
and Arabidopsis H2B (51); none were reported in yeast H2B (70).
After sequence alignment, novel methylation sites in Neurospora
were seen at Lys90 and at the C-terminus at Lys137.

All of the histone H2B forms can be acetylated at a number of
different sites: 11 for Neurospora H2B, 6 for yeast and human
H2B, 8 for calfH2B, and 7 forArabidopsisH2B. From the 2D gel
in Figure 1 and the 42 Da mass shifts between spots, we surmise
that a subpopulation of Neurospora hda-1 H2B may have as
many as five or six simultaneous acetylated lysines, or as many as
three or four in WT H2B. Combined with the 11 different
observed acetylation sites in Neurospora H2B, many combina-
tions of individual acetylated species of Neurospora H2B are
possible. Other organisms can generate H2B sequence variants
using multiple genes. Possessing only a single histone H2B gene,
Neurospora may achieve high effective sequence diversity with a
more extensive use of post-translational modifications. The
N-terminal H2B tails are asymmetric in theXenopusNCP crystal
structure (53), with one tail extending into solution and the
second binding between the two strands of DNA wrapped
around the histone octamer, creating (with multiple N-terminal
tail modifications) a mechanism for generation of even more
diversity at the structural level. Given the different structures of
the two NCP H2B N-terminal tails, it is possible that modifica-
tions in one tail are different from those in the other tail in a single
NCP, creating an even greater diversity of NCP structural states.
Further diversity could be created by differing DNA sequences
bound in individual NCPs.
Other Modifications. Met59 and Met62 of human H2B

isolated from nickel-treated cells have been observed as sulf-
oxides, and a single deamidated Gln was also observed (76). The
in vivo significance of Met oxidation to Met sulfoxide is unclear,
since this can occur in solution as well as in vivo (77). Identifica-
tion of Met sulfone in a histone peptide is unexpected since
this should require prior exposure to a strong oxidizing agent. The
in vivo significance of methyl esterification and deamidation is
also unclear. The 2Dgelswere destained inmethanol, and glutamate
methyl esterification has been observed when gels are stained with
Coomassie blue in the presence of acid andmethanol (78).Deamida-
tion of both Asn and Gln can occur spontaneously in solution (79).
An algorithm capable of simultaneously searching a large number of
different modifications on a peptide, as well as allowing the presence
of multiple simultaneous modifications, will be advantageous for
more in-depth analysis of highly modified histone peptides.
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SUPPORTING INFORMATION AVAILABLE

High-resolution FTMS spectra comparing methylation of hda-1
spots a and b (Figure 2B), hda-1 spots b and c (Figure 2C), and

FIGURE 6: Predicted location of post-translationally modified Neuro-
spora histone H2B residues in the crystal structure of the Xenopus
nucleosome core particle. Positions of the post-translationally mod-
ifiedNeurosporaH2Bglobular domain residues in the structure of the
Xenopus nucleosome core particle (Protein Data Bank entry 1KX5)
werederived by sequence alignment (59)withXenopusH2B (Table 8).
Residues on only one face of the nucleosome core particle structure
are shown; similar residues are also on the opposite face. Histone
polypeptides are colored red, modified residues yellow, and the two
strands of DNAwrapped around the histone octamer blue. (A) H2B
modified residues predicted to be close to DNA that may directly or
indirectly bind the DNA wrapped around the core histone octamer.
K96,K97, andR68 are buried in the histone octamer structure, while
K54 and K57 are both at the surface of the NCP. (B) H2B residues
predicted to be on or near the surface of the nucleosome core particle
(NCP). Numbers are shown for NeurosporaH2B residues.
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WT spot a and hda-1 spot a (Figure 2D) and annotated MS/MS
spectra for peptides identified in Tables 2-7. This material is
available free of charge via the Internet at http://pubs.acs.org.
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