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Intimately associated with DNA, histone proteins serve as both
a structural scaffold for DNA packaging into the nucleus and an
epigenetic means for the regulation of gene expression. One such
histone-based mechanism for transcriptional regulation is post-
translational modification (PTM) of histones H2A, H2B, H3, and
H4.1,2 Combinations of modifications such as acetylation, meth-
ylation, and phosphorylation create a “Histone Code” that influences
gene transcription, gene silencing, and chromatin formation.3-5

Essential for complete understanding of this code is an efficient
methodology for detection, exact localization, and quantitation of
modifications at specific sites. We combine here gas-phase
concentration and purification6 inside a quadrupole-FTMS hybrid
(Q-FTMS) with top down fragmentation using electron capture
dissociation (ECD)7,8 and large-scale PTM prediction. This predic-
tion uses a new type of protein database that has been “shotgun
annotated” by assigning site-specific posttranslational modifications
(and all their combinations) prior to searching for best matches
with ECD data. The approach considers PTMsduring a database
search and enables complete and automated characterization of
human histones harboring 2-6 PTMs from asynchronous and
butyrate-treated HeLa cells.

With its sequence and modification sites extensively studied,
human histone H4 was chosen as a model. We generated all possible
protein forms by combinatorial modification of the seven known
sites1,2 according to following rules: arginine 3 can be mono- or
dimethylated, lysines 5, 8, 12, 16, and 20 can be mono-, di-,
trimethylated or acetylated, and serine 1 can be phosphorylated.
For a given rule set, the possible number of protein forms was
calculated by the following equation:

whereni is the number of possible PTMs for amino acidi, andfi
is the number of occurrences of amino acidi in the sequence
allowed to be modified. For histone H4, this generated 31 × 55 ×
21 ) 18 750 protein forms. Consideration of possible N-terminal
acetylation and start methionine on/off increased the total to 46 875.
Perl scripts were written to populate all these protein forms into a
relational database (7.8 megabyte, MySQL) stored within the
architecture of ProSight PTM, a software environment designed
for Top Down Proteomics.9 Database searches (typically<6 min)
were executed with MS/MS data from particular histone forms using
ProSight Retriever, an algorithm for probability-based protein
identification.9

An ESI/Q-FTMS spectrum of acid-extracted and RPLC-purified
histone H410 from asynchronous human HeLa cells revealed many
potentially modified forms (Figure 1b). An MS/MS spectrum from

ECD of a species+112 Da above unmodified H4 gave 91 observed
fragment ion masses (Figure 1c). The calibrated fragment ion
masses were used to probe the heavily annotated database using
tolerances of 5, 15, and 25 ppm (Supporting Information Table 1)
with the top 10 hits from the 5 ppm search shown in Figure 2. Of
the 91 fragment ions, 50 and 28 matchc andz• ions, respectively
(Supporting Information Table 2), and the overall mass difference
(∆m) of +112.05 Da is consistent with the experimentalMr value
within 2 ppm. The best match atop the retrieval list is histone H4
with an N-terminal acetylation, Lys16 acetylation, and Lys20
dimethylation. Detailed validation of these three PTMs was done
manually. Other highly ranked histone forms include those with
two exactly correct modifications, and one of correct identity but
incorrect position between the amino-terminus and Lys20. Such
positional “isomers” between the top-scoring form and the next-
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Figure 1. (A) ESI/FT mass spectrum (15 scans) of intact H4 isolated from
the butyrate-treated HeLa cells (scale set to mass for 12+ ions). An asterisk
(*) denotes the position of the unobserved, unmodified histone H4. (B)
ESI/FT mass spectrum (40 scans) of intact H4 isolated from the nuclei of
asynchronous HeLa cells (scale set to mass for 12+ ions). (C) ECD MS/
MS spectrum (107 scans) of a+112 Da modified form of histone H4. (D)
ECD fragmentation map of histone H4+112 Da after streamlined protein
characterization achieved by retrieval from a highly annotated database.
The best match from the database search is N-terminal acetylation, K16
acetylation, and K20 dimethylation (highlighted in red).
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best forms are discerned by a few critical fragment ions. For
example, two and four matching fragment ions are lost for the
second and third best hits, respectively, confidently discounting their
presence. With all top 10 hits having two acetylations and two
methylations, cleaving the protein backbone between each PTM
site is critical to achieve complete protein characterization.11 Thus,
the top candidate in Figure 2 best fits the 91c/z• fragment ions,
with 12 of these putative matches, but having>5 ppm errors. The
presence of PTM “regioisomers” in the retrieval list increases
confidence in PTM detection, with the degree of localization
ultimately defined by the raw MS/MS data itself. Using threshold
MS/MS data from infrared dissociation of the+112 Da form,
histone H4 was cleaved in only 26 of 114 backbone sites (data not
shown). With only three ions coming from cleavages in the N
terminus, the data are consistent with the highest ranking candidate
in Figure 2 but also many others.

The conversion of high mass accuracy into database retrieval
specificity is especially important for highly annotated databases.
Restricting mass tolerances from 25 to 15 to 5 ppm returned 878,
830, and 37 histone forms with>65 matching fragment ions
(Supporting Information Table 1). The striking 95.8% drop between
25 and 5 ppm is attributed primarily to the differentiation of
acetylation vs trimethylation of lysines which have the same
nominal∆m but differ in their mass defects by 36 mDa.

Our data in addition to other studies12 report that multiply
acetylated H4 occurs at very low abundance in asynchronously
grown HeLa cells. To enrich these higher mass forms, HeLa cells
were treated with the nonspecific histone deacetylase inhibitor
sodium butyrate,13 and histone H4 was interrogated by ESI/Q-FTMS
as before. Many higher-mass forms were observed (Figure 1a), and
ECD was performed on the+238 Da and+154 Da species,
generating 62 and 116 fragment ions, respectively (MS/MS data
not shown).14 At 5 ppm, the highest-scoring form (44 matching
c/z• ions) for the+238 Da species contained acetylation at the N
terminus, K5, K8, K12, and K16 as well as dimethylation at K20.
These six PTMs precisely account for the overall∆m and were
verified manually. However, after querying the database with the
+154 Da species’ fragment ions, the top three matches were an
N-terminal acetylation, K16 acetylation, and K20 dimethylation,
with an acetylation at either K8, K12, or K5. For each of these
three PTM isomers, a high number of fragment ions matched (73,
72, and 70, respectively). The presence of the K8 species cannot
be validated with the current data. This is because some localization-
critical fragment ions (e.g., thec9) that match both the K12 and
K5 species are consistent with the presence of a K8 isomer even
in its absence. The presence of acetyl-K8 could be addressed by
careful abundance measurements of key fragment ions or preferably
MS3.

In preparation for shotgun annotation of other histones and
proteins in other functional classes, larger databases comprising

shotgun annotated H2A, H2B, and H3 were created, yielding sizes
of 89, 113, and 1.35 GB, respectively. Searches of such larger
databases will require ECD data of the highest quality and offer a
method complementary to existing PTM detection using antibodies15

and bottom up MS16 for streamlined elucidation of the Histone
Code. For proteomic-scale databases dealing with polymorphisms
and alternative splicing via shotgun annotation, the approach
described here will require alteration to realize applicability in
eukaryotic proteome projects. Placing only the knowledge of
biological variability within the database (verses the extensive pre-
prediction used here) is ultimately a superior approach and avoids
creation of large databases. An algorithm would then calculate PTM
possibilities on-the-fly (e.g. after a sequence tag search) to best
match the observed data.9

In sum, the 105 resolving power of FTMS in MS/MS mode
combined with the increased populations of precursor ions afforded
by the quadrupole preconcentrator makes Q-FTMS/MS using ECD
the best instrumental configuration to couple with shotgun annota-
tion. The overall efficiency for measurement of PTM combinations
first demonstrated here represents a new advance for chemical-
level description of multiply modified proteins by mass spectrom-
etry.
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Figure 2. Top 10 matches from an entire database search with 5 ppm
tolerance. A total of 37 histone forms with>65 matching fragment ions
were returned during this search; methylation is depicted in blue, while
acetylation is in red.
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