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We present a novel method utilizing “saltless” pH gradient
weak cation exchange-hydrophilic interaction liquid chro-
matography directly coupled to electron transfer dissoci-
ation (ETD) mass spectrometry for the automated on-line
high throughput characterization of hypermodified com-
binatorial histone codes. This technique, performed on a
low resolution mass spectrometer, displays an improve-
ment over existing methods with an �100-fold reduction
in sample requirements and analysis time. The scheme
presented is capable of identifying all of the major com-
binatorial histone codes present in a sample in a 2-h
analysis. The large N-terminal histone peptides are eluted
by the pH and organic solvent weak cation exchange-
hydrophilic interaction liquid chromatography gradient
and directly introduced via nanoelectrospray ionization
into a benchtop linear quadrupole ion trap mass spec-
trometer equipped with ETD. Each polypeptide is se-
quenced, and the modification sites are identified by ETD
fragmentation. The isobaric trimethyl and acetyl modifi-
cations are resolved chromatographically and confidently
distinguished by the synthesis of mass spectrometric and
chromatographic information. We demonstrate the utility
of the method by complete characterization of human
histone H3.2 and histone H4 from butyrate-treated cells,
but it is generally applicable to the analysis of highly
modified peptides. We find this methodology very useful
for chromatographic separation of isomeric species that
cannot be separated well by any other chromatographic
means, leading to less complicated tandem mass spectra.
The improved separation and increased sensitivity gener-
ated novel information about much less abundant forms.
In this method demonstration we report over 200 H3.2
forms and 70 H4 forms, including forms not yet detected
in human cells, such as the remarkably highly modified
histone H3.2 K4me3K9acK14acK18acK23acK27-
acK36me3. Such detail provided by our proteomics plat-
form will be essential for determining how histone modi-
fications occur and act in combination to propagate the
histone code during transcriptional events and could
greatly enable sequencing of the histone component of
human epigenomes. Molecular & Cellular Proteomics 8:
2266–2284, 2009.

Eukaryotic nuclear DNA is nominally compacted into chro-
matin fibers by use of nucleosomes consisting of a 146-bp
section of DNA wrapped around a core of histone proteins (1).
Dynamic post-translational modifications (PTMs)1 of the his-
tones, primarily in the accessible N-terminal region or histone
“tail,” are an important but not fully understood component of
dynamic gene regulation, epigenetic inheritance of cellular
memory, genomic stability, and other nuclear mechanisms
(2–7). An overwhelming number of studies point to the exist-
ence of a histone code of biological logic written on these
proteins through these PTMs that are read by a diverse array
of “effector” proteins leading to distinct biological events (3).
Many single PTM sites on various histone proteins have been
decidedly linked to specific physiological processes, such as
histone H3 Lys-9 trimethylation (H3K9me3), which is associ-
ated with heterochromatin formation (one mode of gene si-
lencing). Nevertheless what effect multiple modifications oc-
curring in combination may have on modulating the histone
code signal remains to be determined. Significant progress
has been made toward understanding histone modifications
using antibody-based histone modification detection meth-
ods and by bottom up mass spectrometry (4–6). However,
these efforts are fundamentally incapable of maintaining the
connectivity between sites of modification over long amino
acid sequences and thus do not provide information on how
these modifications occur and function in concert. There are,
however, several lines of recent evidence that indicate the
biological significance of the combinatorial aspects of the
histone code (2, 7, 8), thus prompting research into the se-
quence analysis of long range histone PTM patterns.

The technologies capable of determining such long range
patterns of PTMs, electron capture dissociation (ECD) (9) and
electron transfer dissociation (ETD) (10) MS, are still relatively
new. These have enabled top and middle down gas phase
sequencing for combinatorial histone PTM analysis. For ex-
ample, Kelleher and co-workers (11–14) have published sev-
eral studies detailing the analysis of all core histones using
ECD on a high resolution Fourier transform mass spectrom-
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eter. As histones H2B and H2A are modestly modified and
histone H4 has limited complexity in comparison with histone
H3, fairly thorough analysis of these proteins could be accom-
plished by a pure top down approach. However, the analysis
of histone H3 has proven to be a significantly more difficult
analytical problem and has only resulted in a limited survey by
a sole top down approach (15). Generally ECD analysis of
histones requires large amounts of fairly pure sample and
potentially long instrument acquisition times (several minutes
to hours) to produce a single useful ECD spectrum given the
sample complexity. The sensitivity of bottom up analyses has
revealed more diverse PTMs on H2A, H2B, and H4 than top
down approaches have revealed (5, 16–19). ETD experiments
have been shown previously to be compatible with on-line
chromatography methods and have limits of detection and
dynamic ranges similar to those of bottom up MS. Therefore,
ETD analysis of histones would seem to be a better fit for top
or middle down MS, and thus improved methods for top or
middle down analysis of histones remain a priority. In support,
ETD has been used recently by a few groups to sequence
histone proteins and peptides (20, 21). However, as all of
these on-line analyses have been performed using standard
reverse phase (RP) HPLC, only limited analyses or analyses of
the less complicated histones, H2A or H4, have been per-
formed due in part to low chromatographic resolution.

The quality of any LC-MS analysis, as measured by dy-
namic range, sensitivity, and specificity, is highly dependent
on the quality of the chromatography. This becomes critical in
the case of modified histone peptides where the sample is a
complex mixture of a wide concentration range of large pep-
tides with identical amino acid sequences modified in slightly
different ways, resulting in many isobaric structural isomers.
Separation of these physically similar modified histone forms
(especially the highly modified histone H3) by any method has
proved difficult and non-routine (22). Chromatographic meth-
ods traditionally used in proteomics analyses (RP-HPLC)
achieve only marginal separation of large histone modified
peptides resulting in complicated middle down MS analyses
of highly mixed precursor ion tandem mass spectra (several
isomeric but uniquely modified species fragmented at once),
highlighting the need for chromatographic resolution of his-
tone forms prior to mass spectrometric interrogation (20, 23).
Off-line chromatographic separations using weak cation ex-
change mechanisms have been demonstrated recently to do
a reasonably good job of fractionating out the differently
modified PTM forms (24–27). These methods, however, rely
on non-volatile mobile phase additives that render them
inadaptable to an on-line LC-MS method. As a conse-
quence, each of the many resulting LC fractions from the
up-front separation have to be further purified and sepa-
rately analyzed by MS afterward. Although such methods
served as excellent discovery platforms, this process is
extremely time-consuming, leads to sample loss, and inher-
ently reduces the chromatographic resolution prohibiting

extensive studies of the relevance and dynamics of the
modified forms discovered (24, 27).

Here we present the first on-line nanoflow weak cation
exchange hydrophilic interaction liquid chromatography
(WCX-HILIC) LC-MS/MS analysis method for the high
throughput characterization of complex mixtures of hyper-
modified combinatorial histone codes. The chromatographic
separation is performed on a WCX-HILIC PolyCAT A station-
ary phase (polyaspartic acid); however, our mechanism of
elution is different from that reported previously (27). The ionic
strength gradient (i.e. salt elution) used by off-line methods
has been replaced with a pH gradient that protonates the
stationary phase to remove the cation exchange interaction.
This change in elution strategy leads to a similar chromato-
graphic profile as an ionic strength gradient but renders the
method “mass spectrometry-friendly” and results in dramat-
ically improved analysis time, throughput, sample consump-
tion, and dynamic range. Whereas previous methods required
50–100 h of manual MS data acquisition time and over 100 �g
of sample to systematically characterize a single histone ex-
tract (20, 24, 27), the method presented here can achieve this
with less than 1 �g of sample in as little as a couple hours with
an overall improvement in data quality. Because of the im-
proved chromatographic resolution and the inherent concen-
tration of minor forms at the point of ionization of an on-line
nanoflow LC-MS method, our dynamic range and limits of de-
tection are significantly improved. Furthermore the selectivity of
the chromatography means that isobaric modifications, most
importantly trimethylation and acetylation, can be confidently
distinguished and assigned by supplementing the ETD MS/MS
with retention time data. Although this is the first work to dis-
tinguish between acetylation and trimethylation in such a man-
ner, it should not be surprising that a modification that removes
a positive charge can be resolved from a modification that
permanently fixes a positive charge by cation exchange mech-
anisms. Thus, high resolution mass spectrometry as used pre-
viously (12–15, 20, 21, 25, 27) is not a strict requirement. We
demonstrate using histones H3.2 and H4 from butyrate-treated
HeLa cells (butyrate is a deacetylase inhibitor, and this results in
a wide range and more complex mixture of potential forms ideal
for methodological testing) that our method achieves a high
quality comprehensive characterization of combinatorial histone
codes using our nanoflow LC method in combination with ETD
on a widely available ion trap instrument.

EXPERIMENTAL PROCEDURES

Sample Preparation—HeLa S3 cells were grown and harvested as
described previously (15). In some instances, cells were treated with
10 mM sodium butyrate overnight to increase histone acetylation.
After nuclei isolation, histones were acid-extracted according to
standard protocols (28). Histones were then separated by RP-HPLC
into the constituent family members (H2A, H2B, H3.1, H3.2, H3.3, H4,
and H1) on a 4.6 � 250-mm C8 column (Grace Davidson, Deerfield, IL)
using a System Gold (Beckman Coulter, Fullerton, CA) HPLC instru-
ment to deliver a gradient at 0.8 ml/min from 30% B to 60% B in 100
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min (A, 5% acetonitrile and 0.2% TFA; B, 95% acetonitrile and 0.18%
TFA). Histone H3.2 was selected and diluted in 100 mM ammonium
acetate (pH � 4) and digested with Glu-C protease (Roche Applied
Science) at a protein:enzyme ratio of 10:1 for 5 h at room temperature
after which the reaction was quenched by freezing at �80 °C. The
resulting 1–50-amino acid peptide of the H3.2 histone protein was
then further RP-HPLC-purified as described before (5) (1% B/min
gradient, same solvents and solvent system as above except a 2.1 �
250-mm column and 0.2 ml/min flow rate was used). Histone H4 was
enzymatically digested using Asp-N (Roche Applied Science) (5:1
ratio, 100 mM ammonium bicarbonate (pH � 8.0) for 6 h at 37 °C). The
resulting 1–23-amino acid peptide of histone H4 was purified by solid
phase extraction using a C18 stop and go extraction tip (29) by loading
in 0.1% acetic acid and eluting in 50% MeCN in 0.1% acetic acid.
Eluted protein was evaporated to near dryness and diluted into the
HILIC A mobile phase before loading on capillary HILIC columns.

Chromatography and Mass Spectrometry—A P2000 laser tip puller
(Sutter Instruments, Novato, CA) was used to pull a 75-�m-inner
diameter � 360-�m-outer diameter fused silica capillary to a tip. This
tip was packed with 3-�m-diameter, 300-Å-pore size, PolyCAT A
resin (PolyLC, Columbia, MD) to a length of �10 cm forming an
integrated chromatography column and nanospray ionization emitter.
Approximately 0.5–1.0 �g of histone was pressure bomb-loaded onto
the capillary HILIC column at about 5 �l/min. Using an Agilent 1200
HPLC pump (Agilent Technologies, Santa Clara, CA) with a precol-
umn flow split giving �100–200 nl/min flow rate to the column, the
histone modified forms were eluted from the column by a linear
gradient (solvent A was 75% acetonitrile (Mallinckrodt-Baker, Inc.,
Phillipsburg, NJ), 20 mM propionic acid (Fluka puriss. pro analysis,
�99.5% (gas chromatography); Sigma-Aldrich), adjusted to pH 6.0
using ammonium hydroxide (ACS reagent grade, Sigma-Aldrich), and
solvent B was 25% acetonitrile adjusted to pH 2.5 with formic acid).
Several other buffer systems for the B mobile phase were tried during
method development as noted under “Results.” The column eluent
was introduced into an LTQ-ETD ion trap mass spectrometer (Thermo
Scientific, Waltham, MA) or an LTQ-Orbitrap XL (Thermo Scientific)
(data in Fig. 1 only) by nanoelectrospray ionization. Every cycle a full
mass spectrum was acquired from 300 to 2000 m/z followed by
narrower mass range full mass spectrum to select a given charge
state of the histone for data-dependent selection. Five to ten data-

dependent tandem MS (MS2) ETD normal rate scans with three mi-
croscans each were acquired for each cycle based on the single
charge state scan with a minimum signal threshold of 40,000, an
automatic gain control target value of 3e4 for MS2, maximum analyte
ion injection time of 100 ms, an isolation width of 1.5 m/z, a reagent
ion injection automatic gain control value of 1e6, and a reaction time
of 80 ms. This results in a cycle time of about 4–9 s for a top 10-based
analysis. Tandem mass spectra obtained from all experiments were
analyzed using in house-developed software (30) and manually vali-
dated. Briefly an in-house mixed integer linear optimization (MILP)
computational framework is utilized for the identification and quanti-
fication of the modified histone forms using the LC-MS and ETD
tandem mass spectrometry data. A first MILP model enumerates the
entire set of post-translational modifications that are consistent with
the experimentally observed precursor mass. Given this set of modi-
fied histone forms, an MILP superposition problem is then solved to
determine the relative fractions of the modified forms that are present in
the mixed ETD tandem mass spectrum. When viewed in the m/z versus
retention time plane, the corresponding annotations reveal a complete
separation of the modified forms with respect to the number and posi-
tion of acetylation modifications. The algorithm utilizes this chromato-
graphic information to resolve ambiguously assigned acetylation mod-
ifications in the predictions and to infer the modification states of
partially assigned spectra.

RESULTS

Histone H3 Analysis—Our initial efforts to develop an effec-
tive on-line LC-MS method for the analysis of complex mix-
tures of modified histone forms involved an ionic strength
gradient from the “A” mobile phase as described under “Ex-
perimental Procedures” above to a “B” mobile phase of 500
mM ammonium formate, 25% acetonitrile adjusted to pH 6.0
with ammonium hydroxide at a gradient velocity of 1% B/min.
Butyrate-treated histone H3.2-(1–50) was analyzed. This ap-
proach succeeded in demonstrating the possibility of devel-
oping an on-line WCX-HILIC method for the analysis of his-
tone modified forms and served as a basis for further

FIG. 1. A complex mixture of histone
H3.2-(1–50) modified forms derived
from butyrate-treated HeLa cells sep-
arated by on-line WCX-HILIC chroma-
tography using an ammonium ace-
tate-based ionic strength gradient
from A (75% ACN, 20 mM propionic
acid adjusted to pH 6.0) to B (25%
ACN, 500 mM ammonium acetate ad-
justed to pH 6.0 using ammonium hy-
droxide) at a rate of 1% B/min. a, b,
and c, full MS at 58.3 min, 65.3 min, 76.7
min, respectively; d, total ion chromato-
gram of the separation. Labels a, b, and
c indicate the retention time of the spec-
tra in Fig. 1 a, b, and c, respectively.
A.U., arbitrary units
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development. As can be seen in Fig. 1, an effective separation
was achieved, and many histone modified forms were re-
solved similarly to previous off-line HILIC-based methods. In
general, the pattern of elution appears to be consistent with a
separation primarily affected by acetylation state but is also
influenced by other PTM differences between histone forms.
In Fig. 1, a, b, and c, full mass spectra of the 19-, 14-, and
0-methyl equivalent forms (624.1, 616.3, and 594.5 m/z, re-
spectively) are shown. Although this initial effort was a re-

markable improvement in many ways by achieving on-line
separation and analysis, several drawbacks of such a method
quickly became apparent. Maintaining a stable and robust
nanospray at such high salt concentrations was elusive, and
thus the analysis generally required constant supervision and
analyst intervention to achieve complete data sets. It also
became apparent, not surprisingly, that such high salt con-
centrations were having dramatic ionization suppression ef-
fects and medium term deleterious effects on the mass spec-
trometer, necessitating frequent source cleaning.

Because of the inherent drawbacks of the high salt concen-
trations necessary to an ionic strength gradient in conjunction
with mass spectrometry, efforts to reduce the ammonium
formate concentration were undertaken. Using otherwise
identical conditions, several modified B mobile phases with
pH adjusted to 2.5 with formic acid and ammonium formate
concentrations of 100, 20, 5, and 0 mM were tested, and the
results were compared to optimize the efficacy of the method.
Butyrate-treated histone H3.2-(1–50) was used, and each of
these analyses used the same quantity of the same sample to

FIG. 2. A complex mixture of histone H3.2-(1–50) modified
forms derived from butyrate-treated HeLa cells separated by
on-line pH gradient WCX-HILIC chromatography using various
concentrations of ammonium acetate in the B mobile phase:
100 mM ammonium formate (a), 20 mM ammonium formate (b),
5 mM ammonium formate (c), and unbuffered, �0.5% formic
acid (d). In all cases A consisted of 75% ACN and 20 mM propionic
acid adjusted to pH 6.0, and B contained 25% ACN and was
adjusted to pH 2.5 using formic acid. A gradient of 1% B/min was
used. A.U., arbitrary units.

FIG. 3. A complex mixture of histone H3.2-(1–50) modified
forms derived from butyrate-treated HeLa cells separated by
on-line pH gradient WCX-HILIC chromatography using various
gradient velocities. In all cases A consisted of 75% ACN, 20 mM

propionic acid adjusted to pH 6.0, and B was 25% ACN, �0.5%
formic acid (pH 2.5). a, 1% B/min; b, 0.5% B/min; c, 0.25% B/min.
A.U., arbitrary units.
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allow for valid comparison between analyses. By supplement-
ing our ionic strength and organic solvent gradient with a pH
gradient we found it possible to significantly reduce the salt
concentration necessary to elute the modified histone forms.
The experiments performed to optimize the B mobile phase
shown in Fig. 2 resulted in the selection of the unbuffered pH
gradient as seen in Fig. 2d. The unbuffered gradient appeared

to have similar or slightly better resolution of analytes than the
other experiments and exhibited the best ionization charac-
teristics. The 100 mM combined ionic strength and pH gradi-
ent suffered significant ionization suppression effects. This
effect was lessened on the 20 and the 5 mM gradients; these
results point to a general trend toward better signal at lower
ionic strength. Although the time over which the analytes elute

FIG. 4. An analysis of the combinatorial histone codes of histone H3.2 from butyrate-treated HeLa cells. a, a base peak chromatogram
of the WCX-HILIC separation. b, c, and d, full MS at 86, 161, and 197 min, respectively, showing relatively few co-eluting forms. The peaks
labeled with the number of methyl equivalences necessary to account for the mass shift were selected for tandem mass spectrometry using
electron transfer dissociation shown in e–g. e, ETD spectrum of the 627.3 m/z or 21-methyl equivalent precursor ion at 86 min. f, ETD spectrum
of the 608.6 m/z precursor ion at 162 min. g, ETD spectrum of the 605.5 m/z precursor ion at 196 min. A.U., arbitrary units.

FIG. 5. The ETD MS2 spectrum of the
K14acK23acK27me3 species from
Fig. 4f analyzed in a parallel experi-
ment on an LTQ-Orbitrap equipped
with ETD fragmentation. The inset ac-
curate mass error analysis of the z25 ion
(�1.4 ppm for me3 versus 11.8 ppm for
ac) indicates that the K27me3 is properly
assigned based on chromatographic in-
formation in combination with low reso-
lution mass spectral information. A.U.,
arbitrary units.

FIG. 6. A mass spectral heat map of
the on-line pH gradient WCX-HILIC
LC-MS separation of histone H3.2-(1–
50) modified forms derived from bu-
tyrate-treated HeLa cells shown in Fig.
4 as a chromatogram. There are six ma-
jor groups of ions that represent different
degrees of acetylation. At the top right of
the figure in a narrow band around 85 min
and 618–627 m/z is the five-acetyl group.
At the lower left in a broad band from
�215 to 260 min and 594 to 610 m/z is
the unacetylated group. The degree of
acetylation decrements with increasing
retention time. Within each of these are
several different isobaric methyl equiva-
lent groups. Each methyl equivalent group
often contains multiple structural isomers
that are revealed in the tandem MS and
usually have distinct retention times, yet
there is a complex mixture of isomers that
elute closely enough to appear approxi-
mately as a continuous signal in the first
dimension MS.
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FIG. 7. A complex mixture of histone H3.2-(1–50) modified forms derived from butyrate-treated HeLa cells separated by on-line
WCX-HILIC with an A mobile phase consisting of 75% ACN, 20 mM propionic acid adjusted to pH 6.0 and B consisting of 25% ACN,
�0.5% formic acid (pH 2.5) using a 0.25% B/min gradient. a, a SIC of the ninth charge state of the 10-methyl equivalent state at �610 m/z.
b, an ETD tandem MS spectrum of the major 10-methyl equivalent form eluting at 147 min showing it to be K9me2K14acK23acK27me2. c, an
ETD tandem MS spectrum of the second most abundant 10-methyl equivalent form eluting at 170 min showing it to be
K9me3K14acK27me2K36me2. A.U., arbitrary units.
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is longer with greater added ionic strength, this likely results
from effects on the effective gradient strength that are easily
compensated for by reducing the gradient velocity.

After deciding on an unbuffered formic acid pH gradient
using the 0 mM ammonium formate, pH 2.5, 25% acetonitrile
as the B mobile phase, we investigated the effects of gradient
rate by analyzing H3.2-(1–50) at gradient velocities of 1, 0.5,
and 0.25% B/min. The various gradient velocities tried re-
sulted in nearly proportional scaling of elution profiles as
shown in Fig. 3. Although the signal intensity is slightly re-
duced for any one spectrum when the gradient is elongated,
significantly more spectra may be acquired and averaged.
There was improved resolution of modified forms in the longer
elution profiles. In our judgment, the trade-off between anal-
ysis time and data quality at different gradient velocities is
fairly linear and should thus be adapted to each given pur-
pose. Thus, the elution strategy and gradient presented in Fig.
3c seem to provide a near maximum chromatographic sepa-
ration and ionization with the option of shortening the gradient
for higher throughput as needed as in Fig. 3, a and b.

Fig. 4 shows the analysis of histone H3.2 with several
masses and times selected and the PTM combinations deter-
mined. Fig. 4a is the base peak chromatogram of the analysis
showing the regions separated by degree of acetylation. Fig.
4, b–d, shows the MS1 from which data-dependent MS2

scans are selected. Fig. 4, e–g, shows the annotated ETD
MS2 scans selected from Fig. 4, b–d. Of particular interest
and indicative of the utility of the method is the analysis of the
minor 21-methyl equivalent component selected from Fig. 4b
and analyzed in Fig. 4e that can unambiguously be charac-
terized, using both ETD MS2 and retention time, as histone H3
K4me3K9acK14acK18acK23acK27acK36me3, which is mod-
ified to full occupancy at each lysine except K37, which has
never been reported modified in any other work to date (5). In
this case the distinction between trimethylations and acetyla-
tions is trivial as five acetyls are required chromatographically,
and there are only five known sites of acetylation possible.
This assignment is made even more apparent by the close
elution of K4me2- and K36me2-containing homologous forms
and the absence of K9me2 or K27me2 forms (or even me1 or
unmodified forms) in the chromatographic region.

The evidence for chromatographic resolution of trimethyl
from acetyl species is strong based on the physical sepa-
ration mechanisms (cation exchange of differentially
charged species; trimethyl is a fixed charge, and acetyl is
mostly uncharged) and the empirical observation of trends
(consistent apparent degree of acetylation within chromato-
graphic regions; apparent acetylated species eluting far
from analogous me2, me1, and me0 forms; apparent trim-
ethyl species eluting near and in a consistent order with
respect to analogous me2, me1, and me0 forms; and even
consistent regions of mass-retention time space that distin-
guish MS2 unambiguously assigned acetyl positional iso-
mers). However, to further validate our use of chromato-

graphic information in conjunction with ETD MS2 to
distinguish trimethylations from acetylations we performed
a parallel experiment on an LTQ-Orbitrap equipped with
ETD. Shown in Fig. 5 is the ETD MS2 data analyzed in the
high mass accuracy Orbitrap FTMS analyzer of the species
analyzed in Fig. 4f (K14acK23acK27me3). The mass error
analysis (�1.4 ppm for me3 compared with 11.8 ppm for ac)
is based on external calibration and only improves when
internal calibration based on the known unmodified frag-
ment ions is used. Although acquisition of such Orbitrap-
ETD data on the time scale necessary for the method is not
routine or particularly sensitive, the accurate mass data
further validate our results, and many of the lysine residue
assignments (the only residue both trimethylated and acety-
lated) have been validated by such means.

Presented in Fig. 6 is a liquid chromatography-mass spec-
trometry heat map of the MS1 data from the same analysis as
Fig. 4. As mentioned above the histone codes separate pri-
marily by degree of acetylation, secondarily by the specific
acetylation isomeric state or theme, and then by methylation
state and location. At any given nominal mass or methyl
equivalent, several peaks are resolved and can be queried
free of what otherwise would be isobaric interferences (see
Fig. 7). However, on even more detailed analysis, several
partially resolved peaks frequently make up each apparent
peak elution at a given mass, often stepping through varia-

FIG. 8. Three isomeric H3.2 histone codes eluting in close prox-
imity but with distinct retention times: K9me2K14acK23ac-
K27me1 at �156 min, K9me1K14acK23acK27me2 at �158 min,
and K14acK23acK27me2 at �160 min. The plot is derived from the
consensus of multiple ions as to the ratio of the ETD spectrum that
each form represents multiplied by the precursor ion intensity. This
demonstrates partial chromatographic resolution of very closely re-
lated isomers that shows that these forms are distinct species and
improves confidence of assignment through retention time correlation
of structural changes.
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TABLE I
A listing of all of the combinatorial histone codes found and further validated in the butyrate-treated histone H3.2 analysis shown in Figs. 4–7

The annotated form is shown in column 1. An approximate percent abundance (Approx. percent abund.) is shown in column 2. This value
is based on the sum of all precursor ion intensities that exhibit each histone code multiplied by an approximation of the fraction of the resulting
ETD spectrum that the histone code represents based on the ratios of fragment ions. This information is presented for qualitative purposes
only; however, we expect to be able to use such an approach in semiquantitative analyses with further validation. “BQL” (below quantitation
limit) indicates that the histone code was detected, but information is insufficient for approximation of abundance. The m/z of the precursor
ion is given in column 3, and in column 4 the number of “methyl equivalents” with which the m/z value correlates is given where an acetylation
counts as three methyl equivalents. In column 5 the retention time of the histone code is given.

Histone code Approx. percent abund. m/z Methyl eq Retention time

min

K9me2K14acK23acK27me3 9.0 611.6 11 148
K9me2K14acK23acK27me2 6.4 610.1 10 149
K9me1K14acK23acK27me3 4.6 610.1 10 150
K9me3K27me2 4.4 602.3 5 239
K14acK23acK27me3 3.2 608.5 9 161
K9me3K14acK23acK27me2 3.1 611.6 11 143
K9me2K27me3 3.1 602.3 5 240
K9me3K27me1 3.1 600.7 4 250
K9me2K23acK27me3 3.0 607.0 8 186
K9me2K27me2 2.8 600.7 4 250
K9me2K23acK27me2 2.7 605.4 7 196
K9me2K14acK23acK27me2K36me2 2.4 613.2 12 128
K9me3K14acK27me2 2.2 607.0 8 179
K9me2K14acK18acK23acK27me3 2.2 616.3 14 112
K9me3K23acK27me1 1.9 605.4 7 195
K9me2K14acK18acK23acK27me2K36me2 1.9 617.9 15 105
K9me1K14acK23acK27me2 1.7 608.5 9 159
K9me3K14acK23acK27me1 1.7 610.1 10 147
K23acK27me2 1.6 602.3 5 210
K9me2K14acK27me3 1.6 607.0 8 179
K4me1K9acK14acK18acK23acK27me2K36me2 1.5 621.0 17 90
K14acK23acK27me2 1.4 607.0 8 166
K9me1K14acK18acK23acK27me3 1.3 614.7 13 116
K9me2K14acK18acK23acK27me2 1.2 614.7 13 116
K14acK18acK23acK27me3 1.2 613.2 12 124
K9me1K23acK27me3 1.2 605.4 7 198
K9me3K23acK27me2 1.2 607.0 8 189
K9me2K27me2K36me1 1.1 602.3 5 236
K9me2K14acK18acK23acK27me1K36me2 1.1 616.3 14 113
K4me1K9me2K14acK18acK23acK27me2K36me2 1.0 619.4 16 98
K9me3K14acK18acK23acK27me2K36me2 0.98 619.4 16 102
K9me3K14acK23acK36me2 0.85 611.6 11 160
K9me3K14acK23acK27me3 0.75 613.2 12 131
K9me2K14acK23acK27me1 0.71 608.5 9 157
K9me1K14acK18acK23acK27me2K36me2 0.70 616.3 14 110
K9me1K23acK27me2 0.68 603.8 6 206
K9me1K14acK23acK27me3K36me1 0.67 611.6 11 152
K9me3K14acK23acK27me2K36me2 0.65 614.7 13 123
K4me1K9acK14acK18acK23acK27me1K36me2 0.59 619.4 16 92
K9me2K23acK27me1 0.58 603.8 6 205
K9me3K27me2K36me1 0.58 603.8 6 225
K9me3K14acK23acK27me2K36me1 0.55 613.2 12 127
K9me3K14acK18acK23acK27me2K36me2 0.53 619.4 16 98
K9me3K27me1K36me1 0.52 602.3 5 234
K9me2K27me2K36me2 0.51 603.8 6 225
K9acK14acK18acK23acK27me2K36me2 0.51 619.4 16 93
K9me2K14acK27me2K36me2 0.50 608.5 9 173
K9me3K14acK27me2K36me2 0.49 610.1 10 171
K9me1K14acK18acK23acK27me3K36me1 0.48 616.3 14 109
K9me3K14acK18acK23acK27me1K36me2 0.44 617.9 15 104
K4me1K9acK14acK18acK23acK27me3 0.39 619.4 16 93
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TABLE I—continued

Histone code Approx. percent abund. m/z Methyl eq Retention time

min

K9me3K14acK27me2K36me1 0.39 608.5 9 172
K9me3K14acK36me2 0.38 607.0 8 181
K9me2K27me3K36me1 0.37 603.8 6 227
K9me1K14acK18acK23acK27me3K36me2 0.35 617.9 15 104
K4me1K9me3K14acK18acK23acK27me1K36me2 0.32 619.4 16 98
K4me1K9me1K14acK23acK27me2K36me3 0.31 614.7 13 122
K9me2K14acK27me2 0.31 605.4 7 185
K9me2K14acK18acK23acK27me2K36me3 0.30 619.4 16 99
K9acK14acK18acK23acK27me2K36me3 0.30 621.0 17 90
K9me3K14acK23acK27me1K36me2 0.28 613.2 12 128
K9me3K14acK23acK27me1K36me1 0.27 611.6 11 133
K14acK23acK27me1 0.27 605.4 7 197
K9acK14acK18acK23acK27me3K36me1 0.26 619.4 16 92
K9me1K14acK18acK23acK36me2 0.24 613.2 12 119
K4me1K9acK14acK18acK23acK27acK36me2 0.24 622.5 18 86
K4me1K9me3K14acK18acK23acK27me2K36me2 0.24 621.0 17 92
K9me3K14acK18acK23acK27me2K36me1 0.23 617.9 15 105
K9me3K27me3 0.22 603.8 6 227
K9me2K14acK23acK27me3K36me1 0.21 613.2 12 126
K9me2K14acK18acK23acK27acK36me2 0.20 619.4 16 95
K9me2K14acK27me2K36me1 0.20 607.0 8 183
K9me3K27me1K36me2 0.18 603.8 6 226
K9me2K14acK23acK36me1 0.17 608.5 9 164
K4me1K9me2K14acK18acK23acK27me2K36me1 0.16 617.9 15 105
K9me3K14acK27me3 0.16 608.5 9 175
K14acK18acK23acK27me2 0.16 611.6 11 121
K4me1K9me2K14acK18acK23acK36me3 0.16 617.9 15 104
K9me2K14acK23acK27me1K36me2 0.16 611.6 11 133
K4me1K9me2K14acK18acK23acK27me3 0.15 617.9 15 105
K9me3K14acK27me1 0.15 605.4 7 185
K9me3K23acK36me2 0.14 607.0 8 182
K4me2K9me2K14acK18acK23acK27me1K36me3 0.14 621.0 17 94
K4me1K9me2K14acK18acK23acK27me3K36me2 0.14 621.0 17 94
K9me2K14acK18acK23acK27me1 0.14 613.2 12 124
K9me1K14acK18acK23acK27acK36me3 0.13 619.4 16 96
K9me2K14acK18acK23acK27me3K36me2 0.13 619.4 16 98
K9me2K14acK23acK27me3K36me2 0.13 614.7 13 123
K9me3K27me2K36me2 0.13 605.4 7 221
K9me1K14acK18acK23acK27me1K36me1 0.12 613.2 12 125
K4me1K9acK14acK18acK23acK27me3K36me2 0.12 622.5 18 88
K9me3K14acK18acK23acK27me3 0.11 617.9 15 107
K9acK14acK18acK23acK27me1K36me3 0.11 619.4 16 92
K23acK27me3 0.11 603.8 6 207
K4me1K14acK18acK23acK27acK36me3 0.10 619.4 16 95
K9me1K14acK18acK23acK27me1K36me2 0.10 614.7 13 122
K14acK23acK36me2 0.099 607.0 8 178
K4me1K14acK18acK23acK27me3K36me1 0.099 616.3 14 107
K9me3K14acK23acK27me3K36me2 0.097 616.3 14 123
K9me3K14acK23acK36me3 0.096 613.2 12 126
K9me2K14acK27me3K36me1 0.093 608.5 9 173
K4me1K9me2K14acK18acK23acK27me2K36me3 0.091 621.0 17 95
K9me3K14acK27me1K36me1 0.089 607.0 8 184
K4me1K9me1K14acK18acK23acK27me2K36me3 0.089 619.4 16 99
K4me1K9me1K14acK18acK23acK27me3 0.085 616.3 14 111
K14acK23acK27me3K36me1 0.082 610.1 10 155
K9me3K14acK27me1K36me2 0.081 608.5 9 173
K9me1K14acK18acK23acK27me2K36me3 0.079 617.9 15 105
K14acK23acK27me1K36me1 0.078 607.0 8 165
K4me1K9acK14acK18acK23acK27acK36me3 0.076 624.1 19 85
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TABLE I—continued

Histone code Approx. percent abund. m/z Methyl eq Retention time

min

K4me1K9me1K14acK18acK23acK27me3K36me2 0.074 619.4 16 100
K9me1K14acK18acK23acK27me2 0.069 613.2 12 118
K9me3K14acK27me3K36me2 0.067 611.6 11 170
K9me1K14acK18acK23acK27acK36me2 0.065 617.9 15 97
K9me2K14acK27me3K36me2 0.064 610.1 10 171
K4me1K9me2K14acK18acK23acK27me1K36me2 0.062 617.9 15 103
K9me2K14acK18acK23acK36me1 0.061 613.2 12 119
K4me2K9me3K14acK18acK23acK27me1K36me3 0.061 622.5 18 88
K4me1K9me3K14acK23acK27me1K36me3 0.059 616.3 14 123
K9me2K14acK18acK23acK27me3K36me1 0.057 617.9 15 107
K9acK14acK18acK23acK27acK36me3 0.057 622.5 18 86
K4me1K9acK14acK18acK23acK36me3 0.050 619.4 16 93
K14acK23acK27me2K36me1 0.049 608.5 9 167
K9me3K14acK18acK23acK27me2 0.045 616.3 14 110
K4me1K9me3K14acK18acK23acK27me1K36me3 0.043 621.0 17 98
K9me3K14acK18acK23acK27me1K36me3 0.042 619.4 16 95
K4me1K9acK14acK18acK23acK27me2K36me3 0.040 622.5 18 88
K4me2K9me1K14acK18acK23acK27me3K36me2 0.039 621.0 17 94
K14acK23ac 0.038 603.8 6 216
K4me2K9acK14acK18acK23acK27me2K36me2 0.038 622.5 18 87
K4me1K9me1K14acK27me3K36me2 0.036 610.1 10 171
K9me1K14acK18acK23acK27me3K36me3 0.035 619.4 16 95
K4me2K9acK14acK18acK23acK36me3 0.034 621.0 17 89
K9me2K14acK27me2K36me3 0.033 610.1 10 171
K4me1K9me1K14acK18acK23acK27me1K36me3 0.032 617.9 15 102
K9me3K23acK27me1K36me1 0.030 607.0 8 179
K4me1K9me3K14acK18acK23acK36me3 0.029 619.4 16 100
K4me1K9me1K14acK18acK23acK27me3K36me1 0.029 617.9 15 106
K4me3K9me3K14acK18acK23acK36me3 0.028 622.5 18 86
K4me1K9me3K14acK18acK23acK27me2K36me1 0.025 619.4 16 100
K9me3K14acK23acK27me2K36me3 0.025 616.3 14 122
K4me1K9me2K14acK18acK27me3K36me3 0.025 617.9 15 168
K4me3K9me2K14acK18acK23acK27me1K36me3 0.024 622.5 18 88
K4me1K9acK14acK18acK23acK27me3K36me1 0.024 621.0 17 90
K4me1K9me3K14acK18acK23acK27me2K36me3 0.022 622.5 18 98
K4me1K9me1K14acK27me2K36me3 0.022 610.1 10 170
K9me3K23acK27me1K36me3 0.022 610.1 10 177
K4me3K9me2K14acK18acK23acK27me2K36me1 0.022 621.0 17 89
K4me2K9acK14acK18acK23acK27acK36me2 0.021 624.1 19 86
K4me1K9me2K14acK23acK27me2K36me2 0.021 614.7 13 122
K4me1K9me2K14acK27me2K36me2 0.021 610.1 10 172
K4me1K9me2K14acK27me2K36me3 0.021 611.6 11 167
K9me3K23acK27me2K36me2 0.021 610.1 10 177
K4me2K9me2K14acK18acK23acK27me2K36me2 0.021 621.0 17 97
K9me3K14acK18acK23acK36me3 0.021 617.9 15 102
K4me1K14acK18acK23acK27me2K36me3 0.020 617.9 15 103
K23ac 0.020 599.2 3 213
K4me2K9acK14acK18acK23acK27me2K36me3 0.020 624.1 19 85
K4me1K9me2K14acK18acK23acK27me3K36me3 0.018 622.5 18 87
K9me3K27me3K36me1 0.017 605.4 7 227
K4me2K9me2K14acK18acK23acK27me2K36me3 0.016 622.5 18 88
K9me3K27me3K36me2 0.015 607.0 8 220
K4me1K9acK14acK18acK23acK27me2K36me1 0.015 619.4 16 93
K4me3K9acK14acK18acK23acK27me1K36me3 0.015 624.1 19 85
K4me1K9me1K14acK23acK27me3K36me2 0.014 614.7 13 119
K4me1K9me2K14acK23acK27me3K36me1 0.013 614.7 13 116
K4me2K9me1K14acK18acK23acK27me2K36me3 0.012 621.0 17 91
K9me3K14acK18acK23acK27acK36me1 0.012 619.4 16 95
K4me1K9me2K14acK23acK27me3K36me2 0.011 616.3 14 120
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tions of methyl placements on a given acetylation theme (see
Fig. 8). Using this approach, we comprehensively identified
and relatively quantified over 200 modified histone H3.2 forms
(see Table I) in a single LC-MS/MS analysis.

In general, multiple species were resolved chromatograph-
ically at each mass. In the single ion chromatogram (SIC) of
the ninth charge state of the 10-methyl equivalent in Fig. 7a, at
least five chromatographically distinct peaks are observed.
The major 10-methyl form at 147 min is K9me2K14acK23ac-
K27me2 as determined from the ETD spectrum in Fig. 7b. The
second most abundant 10-methyl form at 170 min is
K9me3K14acK27me2K36me2 as shown in Fig. 7c. The peak at
120 min is clearly distinguished from the four other peaks by
being unequivocally unmodified at both K9 and at K36 (data not
shown). It can be concluded that the earlier peak at 89 min is
K9me2 and K14ac and unmodified at K36; however, further
assignment is not possible. Although the signal is relatively low,
the ETD evidence for the last peak at 214 min indicates that it
has the same nominal mass and indistinguishable ETD spectra
on a unit resolution instrument as the major peak at 147 min.

Based on the retention time shift to later in the gradient where
only K23 monoacetylated species are otherwise observed, the
peak at 214 min is likely a minor modified form where an
acetylation on K14 has been replaced with a trimethylation.
Such apparent pairs of trimethylated and acetylated forms ap-
pear throughout the data but most frequently on K9 for which
acetylation has been reported previously (31). Further validation
of these novel results on a high resolution mass spectrometer is
clearly needed; however, the retention time alone seems to be
capable of distinguishing between acetylation and trimethyla-
tion, and such observations would likely be difficult to impossi-
ble to validate even on a high resolution mass spectrometer
without using an on-line separation as presented here.

The complexity of histone H3 means that in some cases very
closely related histone codes may not fully resolve chromato-
graphically even with our very effective separation method. Fig.
8 plots the elution of three isomeric histone codes eluting in
close proximity but with distinct retention times: K9me2K14ac-
K23acK27me1 at �156 min, K9me1K14acK23acK27me2 at
�158 min, and K14acK23acK27me3 at �160 min. The plot in

TABLE I—continued

Histone code Approx. percent abund. m/z Methyl eq Retention time

min

K4me1K9me2K14acK27me3K36me2 0.011 611.6 11 170
K4me3K9me2K14acK18acK23acK27me2K36me2 0.010 622.5 18 86
K4me3K9me2K14acK18acK23acK27acK36me2 0.010 624.1 19 85
K9me1K14acK23acK27me1K36me1 0.010 608.5 9 166
K9me2K27me3K36me2 0.009 605.4 7 221
K4me1K9me3K14acK18acK23acK27ac 0.009 619.4 16 95
K4me3K9me1K14acK18acK23acK27me2K36me2 0.007 621.0 17 88
K4me1K9me2K27me3K36me1 0.007 605.4 7 221
K9me1K14acK18acK23acK27me1K36me3 0.006 616.3 14 107
K9me3K14acK18acK23acK27me2K36me3 0.005 621.0 17 91
K4me1K9me1K27me2K36me3 0.004 605.4 7 221
K4me2K9me2K14acK18acK23acK27me3K36me2 0.004 622.5 18 93
K4me1K9me1K27me3K36me2 0.004 605.4 7 220
K4me2K9me3K14acK18acK23acK27me2K36me2 0.003 622.5 18 92
K9me2K14acK18acK23acK27me2K36me1 0.002 616.3 14 113
K4me3K9me2K14acK18acK23acK27me2K36me3 0.002 624.1 19 86
K4me1K9me2K27me2K36me3 0.002 607.0 8 220
K4me1K9me2K27me2K36me2 0.002 605.4 7 220
K4me2K9me2K14acK18acK23acK27me3K36me1 0.002 621.0 17 90
K4me1K9me2K14acK18acK23acK27me3K36me1 0.002 619.4 16 103
K23acK27me2K36me1 BQL 603.8 6 210
K27me1 BQL 596.0 1 219
K4me1K9me2K14acK23acK27me1K36me2 BQL 613.2 12 123
K4me1K9me3K14acK23acK27me2K36me2 BQL 616.3 14 122
K4me1K9me3K14acK23acK27me2K36me3 BQL 617.9 15 122
K4me2K9me3K14acK18acK23acK27me1 BQL 617.9 15 87
K4me2K9me3K14acK18acK23acK27me3K36me3 BQL 625.7 20 85
K4me3K9me1K14acK18acK23acK27me3K36me2 BQL 622.5 18 88
K4me3K9me2K14acK18acK23acK27me3K36me3 BQL 625.7 20 85
K4me3K9me3K14acK18acK23acK27me3K36me3 BQL 627.2 21 84
K9me2 BQL 597.6 2 256
K9me2K14acK23acK27me2K36me1 BQL 611.6 11 144
K9me2K27me1 BQL 599.2 3 219
K9me2K36me1 BQL 599.2 3 230
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Fig. 8 is derived from the consensus of multiple ions as to the
ratio of the ETD spectrum that each form represents multi-
plied by the precursor ion intensity. On a spectrum by spec-
trum basis, as the initially dominant K9me2-indicative ETD
signal decreases relative to the rising K9me1 signal there is a
correlated shift from K27me1- to K27me2-indicative ETD sig-
nal. This shift then continues with the K9me1 signal shifting
to unmethylated K9 signal as the K27me2 signal is over-
taken by K27me3-indicative signal. We can observe reten-
tion time differences between such species because our
method is on line and has sufficient time resolution to
observe shifts over time in mixed ETD spectra. The unique
characteristic retention times make it unambiguous that
there are multiple distinct chemical species. Without this
information it is much more likely to misinterpret mixed
spectra because of the non-orthogonal set of possible his-
tone codes that can be used to explain a single mixed
spectrum. Thus, we can more accurately decouple mixed
spectra by use of chromatographically correlated changes
and confidently assign the component histone codes. A
complete list of the combinatorial histone codes identified
and relatively quantitated (30) using the fragment ion rela-
tive ratios and precursor ion relative ratios approach (32)
and then further validated from the analysis shown in Figs.
4–7 is given in Table I.

Histone H4 Analysis—The histone H4-(1–23) peptide is a
significantly less complex sample to analyze because of fewer
overall combinations of modifications and better ionization
and fragmentation characteristics compared with the histone
H3.2-(1–50) peptide. Our method is capable of separating
positional isomers, greatly enhancing the capacity to detect

and distinguish minor histone modified forms. As seen in Fig.
9a, the H4-(1–23) peptide modified forms separate primarily
by degree of acetylation. The major peaks are all K20me2-
containing forms, which have varying degrees of acetylation in
different positions. Histone H4 has four sites of variable acety-
lation, and thus there are a limited number of modified forms
for each degree of acetylation in a 1:4:6:4:1 (0ac:1ac:2ac:3ac:
4ac) distribution. The K20me2 forms dominate, although
other methylation states are observed. The four acetylated
isomers of the monoacetylated (and dimethylated) form are
easily distinguished near 80 min and have been assigned as
marked. The most complex diacetyl (triacetyl including the
N�-ac) forms are shown in the SIC in Fig. 9b. These forms
appear to group together chromatographically based on the
most C-terminally acetylated residue; the most dominant
peptide form is N�-acK12acK16acK20me2. All six of these
forms are well resolved. The ETD spectra for the N�-
acK8acK12acK20me2 form (labeled 8ac,12ac in Fig. 9b)
and N�-acK5acK12acK20me2 form (labeled 5ac,12ac in
Fig. 9b) are shown in Fig. 10. These very closely related
isomers are more than sufficiently resolved to yield spectra
that exhibit one dominant form. Although the ETD spectra of
the minor K16ac-containing forms shown in Fig. 10b (la-
beled 8ac,16ac and 5ac,16ac) exhibit some contribution
from the earlier eluting N�-acK12acK16acK20me2 major
form they still dominate their respective ETD spectra (data
not shown). The four possible triacetylated forms (for
K20me2) are also resolved and give relatively pure ETD
spectra with the N�-acK8acK12acK16acK20me2 and N�-
acK5acK12acK16acK20me2 dominant in an �4:3 propor-
tion (data not shown).

FIG. 9. A WCX-HILIC separation of histone H4-(1–23) from HeLa cells treated with butyrate using a 0. 5% B/min gradient. a, the base
peak chromatogram from 470 to 530 m/z representing the fifth charge state of histone H4-(1–23). The modified forms separate primarily by the
number of acetylations as indicated but also by the number of methylations on K20 and the location of the acetylations. b, a SIC of 612 m/z
correlating to the dimethylated and diacetylated forms of histone H4. The dimethylation is on lysine 20, and the two acetylations can be on any
of four lysines (K5, K8, K12, and K16) leading to six different positional isomers. These positional isomers are chromatographically separated
by the method. The sites of acetylation are labeled on the figure as determined by ETD mass spectrometry. A.U., arbitrary units.
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Fig. 11 is an MS heat map overview of the MS1 of the
histone H4 separation. Note that certain combinatorial histone
codes are clearly more dominant. The most intense peaks at
each acetylation group are the K20me2 forms, and within
these the acetylations and combinations of acetylations to-
ward the C terminus are generally the most abundant. Inter-
estingly there are strong deviations from these trends such as
the relative strength of the unmethylated K5acK12ac form in
the lower left of the diacetyl region. Because of the decreased
complexity of H4 relative to H3, the heat map is less occupied,
and isomers are more clearly resolved.

An analysis of these data, as described above for histone
H3, yields 70 H4 combinatorial histone codes (see Table II).
Note the predominance of relatively few forms with the top
four forms making up more than 50% of the detected histone
codes.

DISCUSSION

The method presented here provides a means to probe the
biological meaning of the combinatorial histone code in a
manner not previously accessible on a reasonable time scale.
The application of this method directly to an array of biological

states from cancer cells to stem cells to different tissue types
and organisms will provide massive amounts of important
new information about the combinatorial histone code in nor-
mal functioning biology and disease. Furthermore the appli-
cation of this method in combination with molecular biology
techniques, which would generally not be possible with less
sensitive and lower throughput techniques, will provide a
means of probing a very large space of important questions in
biology. Just as genomics technologies have accelerated our
understanding of biology and human disease, the information
provided by the emerging epigenetics technologies should
yield similar impact. The complexity of epigenetics makes
understanding the mechanisms thereof significantly more dif-
ficult (33). Not only are the combinatorial histone codes of a
single histone astoundingly complex, there are four histones
with multiple variants (34–36) and two copies of each histone
family member in each nucleosome, these are spaced across
the entire genome, and the specific genomic context of the
histone codes are important (37, 38). Additionally there are
nucleotide-based epigenetic mechanisms such as DNA meth-
ylation (39). The payoff of solving the epigenetics conundrum,
however, will be great given that epigenetics is essential to the

FIG. 10. ETD tandem mass spectra of two chromatographically resolved diacetylated-dimethylated structural isomers of histone H4
that differ by a shift of an acetyl group by three amino acids. a, the N�-acK8acK12acK20me2 modified form of histone H4 showing full
sequence coverage. The ions labeled in bold text differ from the spectrum below it. b, the N�-acK5acK12acK20me2 modified form of histone
H4 fully sequenced by ETD. The change from K8 acetylation to K5 acetylation is indicated by the bold ions. A.U., arbitrary units.
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biology of stem cells (40) and how cells differentiate and fail to
maintain the required differentiated states as in cancer (41).
Whereas genomics tells us what genes are available for ex-
pression and generally their propensity for expression, epige-
netics directs the parts in a concerted manner to produce a
viable differentiated cell. In fact epigenetics is the mechanism
of multicellularity (37). How the histone code functions in
concert is largely unknown; however, what is known indicates
that how combinations combine, both on a single histone and
between different histones within the same nucleosome, is
important (8, 40, 42–48). This work is among the first works
capable of accessing such information and the first to do so at
a scale and throughput that allows for extensive probing of
this information. We have high expectations, given the sensi-
tivity and throughput of the method, for combining this
method with approaches that probe complementary epige-
netic information, such as genomic location, but result in
significant fractionation and thus smaller total amounts of
combinatorial histone codes to be elucidated.

This work represents a dramatic improvement in most im-
portant analytical metrics relative to previous efforts in the
middle down analysis of hypermodified peptides in general
and histones in particular. The selectivity of the chromato-
graphic separation enables relatively pure tandem MS spectra
of structural isomers compared with previous methods. Al-
though mixed spectra are observed in the more complicated
cases (i.e. H3), these are easier to deconvolve, and in the
simpler cases (i.e. H4) only a few mixed spectra are observed.
For comparison, the recent work investigating the combina-
torial forms of histone H4 from human embryonic stem cells
found that the H4 forms are only partially resolved requiring

significant computation to identify forms, and some, particu-
larly the diacetyl forms, were not sufficiently distinguishable to
allow quantification (20). As shown in Fig. 9 these same forms
are largely resolved by our method, and quantitative informa-
tion can essentially be read off of the chromatogram.

The capacity of the method to chromatographically resolve
trimethylations from acetylations greatly improves the quality
of data achieved and confidence in assignments. Spectral
complexity is reduced by the resolution of these isobaric
species, and the confidence of PTM assignments is improved
by the predictable relationship between modification state
and relative retention time. The ability of the chromatography
to resolve these modifications arises from the differential
charge between the acetyl, which is primarily uncharged, and
trimethyl, which is a fixed positive charge. This capacity to
resolve these modifications has been validated by multiple
lines of evidence, including high resolution mass spectrome-
try; however, the most useful indicator of this distinction is
that analogous me0, me1, me2, and me3 species elute closely
in numerical or reverse numerical order as seen in Fig. 8, and
the acetyl analogs elute much earlier. The ability of this ap-
proach to distinguish such isobaric species may be widely
applicable to other analyses using low resolution mass spec-
trometry given enough knowledge of the system to predict
retention times or simply by the relative retention times of
multiple peaks.

By adapting our method to the capillary nanoflow scale and
using on-line ETD, we have dropped the sample requirements
from �100 to �1 �g. With the improved chromatographic
resolution and the inherent concentration of minor forms at
the point of ionization of an on-line nanoflow LC-MS method,

FIG. 11. A mass spectral heat map of
the on-line pH gradient WCX-HILIC
LC-MS separation of histone H4-(1–
23) modified forms derived from bu-
tyrate-treated HeLa cells. Similar to
Fig. 6, the most acetylated (in this case
4ac) forms elute first (38–45 min), and
the number of acetylations decrements
with retention time.
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TABLE II
A listing of all of the combinatorial histone codes found and further validated in the butyrate-treated histone H4 analysis shown in Figs. 8–10

The annotated form is shown in column 1. An approximate percent abundance (Approx. percent abund.) is shown in column 2. This value
is based on the sum of all precursor ion intensities that exhibit each histone code multiplied by an approximation of the fraction of the resulting
ETD spectrum that the histone code represents based on the ratios of fragment ions. This information is presented for qualitative purposes
only; however, we expect to be able to use such an approach in semiquantitative analyses with further validation. The m/z of the precursor ion
is given in column 3, and in column 4 the number of methyl equivalents with which the m/z value correlates is shown where an acetylation
counts as three methyl equivalents. In column 5 the retention time of the histone code is given.

Histone code Approx. percent abund. m/z Methyl eq Retention time

min

N-acK20me2 17.5 487.4 5 102.1
N-acK12acK16acK20me2 15.9 504.2 11 62.7
N-acK16acK20me2 13.1 495.7 8 78.0
N-acK5acK8acK12acK16acK20me2 8.7 521.0 17 42.6
N-acK12acK20me2 6.3 495.7 8 80.8
N-acK5acK12acK16acK20me2 4.8 512.5 14 52.0
N-acK8acK16acK20me2 3.1 504.1 11 64.6
N-acK5acK8acK12acK16ac 2.8 515.4 15 44.8
N-acK5acK8acK16acK20me2 2.3 512.5 14 54.1
N-acK5acK16acK20me2 2.3 504.2 11 66.4
N-acK5acK12ac 2.3 498.5 9 71.4
K5acK8acK12acK16acK20me2 2.1 512.5 14 52.1
K5acK8acK16acK20me2 1.8 504.2 11 64.1
N-acK8acK20me2 1.7 495.7 8 83.2
N-acK8acK12acK16acK20me2 1.6 512.5 14 50.3
N-acK5acK20me2 1.5 495.9 8 85.2
K8acK12acK16acK20me2 1.5 504.2 11 64.6
K5acK16acK20me2 1.2 495.8 8 77.9
N-acK8acK12acK20me2 1.1 504.2 11 68.9
N-acK5acK12acK20me2 1.1 504.1 11 69.9
K16acK20me2 1.0 487.3 5 94.4
N-acK5acK8acK12acK16acK20me3 0.76 524.1 18 40.7
N-acK5acK8acK12acK20me2 0.71 512.5 14 57.8
N-acK5acK12acK16ac 0.57 507.0 12 53.6
N-acK5acK12acK20me1 0.56 501.3 10 70.2
N-acK5acK8acK20me2 0.40 504.1 11 72.6
N-acK12acK16acK20me3 0.38 507.0 12 62.3
N-acK5acK8acK12ac 0.37 506.9 12 59.1
K12acK20me2 0.26 487.4 5 97.0
N-acK16acK20me3 0.23 498.7 9 77.1
N-acK8acK12acK16acK20me3 0.21 515.7 15 50.6
K12acK16acK20me2 0.20 495.8 8 76.6
N-acK5acK8acK12acK16acK20me1 0.19 518.4 16 43.9
N-acK5acK8acK16ac 0.16 506.9 12 55.7
N-acK5acK12acK16acK20me3 0.15 515.5 15 51.0
N-acR3me1K5acK8acK12acK16acK20me2 0.12 523.8 18 38.9
K20me2 0.11 479.1 2 148.3
N-acR3me2K5acK8acK12acK16acK20me2 0.073 526.7 19 39.3
K8acK20me2 0.068 487.4 5 97.4
N-acK5acK8acK12acK20me1 0.064 509.9 13 58.6
N-acK12acK20me3 0.064 498.7 9 80.2
N-acK12ac 0.058 490.2 6 82.2
N-acK20me3 0.053 490.3 6 98.7
K5acK12ac 0.049 490.3 6 82.5
N-acR3me1K16acK20me2 0.046 498.7 9 76.2
K5acK12acK16acK20me2 0.039 504.2 11 65.5
N-acR3me1K8acK12acK16acK20me2 0.038 515.5 15 49.8
N-acK5acK16ac 0.036 498.6 9 69.0
N-acK16ac 0.029 490.2 6 79.3
N-acK5acK12acK16acK20me1 0.027 510.0 13 52.7
N-acK5acK8acK16acK20me3 0.020 515.4 15 53.5
N-acK5acK8acK16acK20me1 0.016 509.9 13 54.8
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our dynamic range is significantly improved. This improve-
ment in dynamic range and limit of detection has resulted in
the identification of minor forms not previously reported in
human cells (27). In cases where minor forms are not fully
separated from more dominant forms our confidence in dis-
tinguishing secondary forms from artifacts is enabled by the
retention time information provided by on-line LC-MS. Most
importantly, improved data quality is achieved while dramat-
ically improving the throughput and sensitivity relative to off-
line methods. Throughput is further enhanced by being ame-
nable to automation for replicate and multiple sample
analyses, a practice generally necessary for biologically and
statistically meaningful results.

Although this work is of a particular focus, the general
chromatographic approach may prove useful for similar bio-
logical analytes. Recently several examples of other types of
apparent combinatorial biological codes have emerged. For
example RNA polymerase II has been shown to have a unique
pattern of phosphorylation rather than a particular degree of
phosphorylation to switch between active and inactive states
(49). Interestingly many proteins that are phosphorylated are
frequently found to be hyperphosphorylated, allowing for in-
formation encoded in combinatorial patterns. Yet these pat-
terns of phosphorylation are not well studied. The high mo-
bility group proteins exhibit modifications similar to histones
and are found in association with histones in chromatin (50).
Other examples include tubulin (51) and p53 (52). The rate of
discovery of such combinatorial codes would seem to indi-
cate that there are significantly more such examples yet to be
discovered, and the importance of resolving and analyzing
such largely isomeric biological codes will become greater
(53).

Very little is known about the variation of the histone code
and which modifications occur in combination across differ-

ent biological states, cell and tissue types, and organisms.
This is largely because of the limited throughput and sensi-
tivity of previous approaches. A simple global (whole chroma-
tin) analysis of such samples will provide a wealth of novel
biological information and provide a basic set of combinatorial
histone codes for further studies. When combined with tech-
niques that themselves probe related biological properties the
level of specificity and potential to gain insights into this
important aspect of biology are even greater. Techniques
such as chromatin immunoprecipitation (ChIP) (54) that probe
for specific histone modifications can enrich for subsets of the
histone code to be further probed for combinations of
PTMs via this method while also providing the potential for
genome localization by sequencing the associated DNA (as in
ChIP-seq) (55). Such combinations of techniques with middle
down MS methods require very good sensitivity because it is
an even further subset of the chromatin being analyzed. Pre-
vious off-line approaches required large amounts of histones
in the starting material to the point that even global analyses
were near the limits of practical scalability and thus near
impossible for minor fractions thereof. There are also many
sample types that are of great interest and do not scale well,
making this the first practical method for such analyses.
These include cells of limited availability, such as oocytes,
and more importantly clinical samples, such as tumors. Of
even greater challenge would be the application of selective
fractionation, ChIP, in combination with the described method
on such inherently limited samples. Such analyses, however,
have great scientific potential. For example, knowing the
combinatorial histone code of many types of cancer tumors
with information about their placement in the genome simul-
taneously would be truly ground-breaking information that
could elucidate key epigenetic aspects of cancer biology
(56, 57).

TABLE II—continued

Histone code Approx. percent abund. m/z Methyl eq Retention time

min

N-acR3me1K12acK16acK20me2 0.013 507.2 12 60.5
N-acK8acK12ac 0.011 499.0 9 71.3
K5acK8acK12acK16ac 0.0097 507.4 12 53.3
N-acK8acK12acK20me1 0.0086 501.7 10 70.0
K5acK20me2 0.0075 487.4 5 97.8
K5acK12acK16acK20me3 0.0054 507.1 12 64.2
N-acR3me1K20me2 0.0053 490.3 6 97.8
N-acK5acK16acK20me1 0.0047 501.6 10 67.4
N-acR3me1K5acK8acK16acK20me2 0.0046 515.5 15 49.8
N-acK12acK20me1 0.0043 493.2 7 81.9
N-acK5acK20me1 0.0040 493.1 7 85.7
K8acK16acK20me3 0.0038 498.7 9 76.4
N-acR3me1K5acK12acK16acK20me2 0.0021 515.5 15 49.7
K5acK8acK12acK16acK20me3 0.0020 515.5 15 51.7
N-acK8acK16acK20me3 0.0017 507.1 12 61.2
K5acK8acK12acK16acK20me1 0.0012 510.0 13 52.7
K8acK16acK20me2 0.0006 496.0 8 76.2
K5acK16acK20me3 0.0003 498.1 9 76.4
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The characterization of histone modified forms is critical to
furthering our understanding of fundamental aspects of biol-
ogy. There is a consensus in the scientific community that
there is a need for a deeper understanding of the molecular
basis for and cataloguing of epigenetic control of gene ex-
pression. This has resulted in the call for a human epigenome
project on the scale of the human genome project (41, 58, 59).
The histone code, which this method reads the most chal-
lenging aspect thereof, is recognized as an important aspect
of epigenetics and dynamic gene regulation. With the data
quality and throughput achieved with this method, it repre-
sents one of the current best platforms for a significant aspect
of such an undertaking particularly when combined with the
aforementioned ChIP protocols. This method should greatly
enable sequencing histone PTM patterns in a potential large
scale epigenome project, the outcome of which will have a
massive impact on our understanding of chromatin biology,
particularly regarding cellular differentiation, stem cell biology,
cancer biology, dynamic gene regulation, and epigenetic in-
heritance of phenotype.
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