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Abstract

Histone acetylation and methylation are processes that are generally considered to play crucial roles in the chromatin-
based regulatory mechanism. Characterization of the histones as well as their modification sites has become increasingly
important. In this paper, the use of LC—MS and peptide mapping methods to analyze chicken core histones and identify the
modification sites is reported. Microbore, C HPLC separated the core histones into H2A, H2B, H3 and H4 using HFBA as
the ion-pairing agent. The four subclasses of histones and their putative acetylated or methylated isoforms were identified by
LC—-MS simultaneously. MALDI-TOF and tandem mass spectrometry provided peptide mapping of the modification sites of
the histones through trypsin digestion of the HPLC eluents. This approach is straightforward and prospective for further
application in the field of chromatin research.
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1. Introduction identification and the determination of its modi-
fication are essential steps prior to its study [6].
Core histone octamers (H2A, H2B, H3 and H4) SDS—-PAGE has been previously used to separate the

wrapped around by DNA constitutes nucleosomes, core histones into subclasses; separation of the
the fundamental structural units of chromatin [1,2]. acetylated and/or methylated isoforms of each his-
The N-termini of histones, also called histone talil, tone subclass has not yet been addressed although a
contain multiple basic lysine residues that are targets differential migration for acetylated histones has
for  post-transcriptional ~ modifications—mainly been observed in electrophoresis [7]. AUT gel
acetylation and methylation [3]. Histone acetylation electrophoresis can be used to separate individual
and methylation are processes that are generally acetylation isoforms of histone H3 and H4, however
considered to play crucial roles in the chromatin- it is time consuming (2 full days) and acetylation
based regulatory mechanism [4,5]. Histone isolation, isoforms cannot be differentiated from methylation

isoforms [8-10]. Furthermore, different degrees of
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have proved to be effective in isolating individual o C4 Column Tospliter |
isoforms of core histones [6,11-14], however, the | weic — 1 > Ma‘js‘i;:gfmw
identification of each fraction still relies on AUT or10®
PAGE gel electrophoresis and microsequencing.
LC-MS, MALDI-TOF and tandem MS have Fraction

collection

emerged as irreplaceable technologies in protein
identification and peptide mapping for modification
sites [15,16]. In this report, we describe the applica- Enymatic Nsws
tion of this technology to the identification of Digestion
histones and their modified isoforms. Histones were
separated by microbore ,C reversed-phase HPLC. TSR
The effluent stream was split 1 to 10 with a T-splitter Mass Spectrometry
allowing 10% to enter the electrospray mass spec-
trometer while 90% was collected and subjected to Fig- 1. Schematic of using LC-MS and peptide mapping by MS
enzymatic digestion and characterization by MALDI- to‘ identify chicken core histones. Histones were first sgparated by

-~ . microbore G column HPLC. 1/10th of the HPLC fraction from a
TOF or tandem MS when sequence analysis iS T_spiitter was introduced to the electrospray source, and the
necessary. Fig. 1 summarizes this process. The LC—remainder was subjected to enzymatic digestion and MALDI-TOF
MS and peptide mapping methodology developed in or tandem MS analysis.

this report is a new approach to identifying histone

modification sites. The directness, high speed and the precipitate was re-extracted with 1 IMf 0.2
sensitivity of LC—MS allows its application to the sulfuric acid. The extracts were pooled and dialyzed
area of chromatin research which has recently be- against distilled water and lyophilized to afford 0.5 g
come very popular. core histones per liter of blood.

2.2. LC-MS analysis of core histones
2. Experimental
LC-MS was conducted using an Applied Bio-

2.1. Isolation of core histones from chicken blood systems (Foster City, CA, USA) Model 140 B HPLC
solvent delivery system coupled to a Mariner TOF
Histone preparation from chicken blood was per- mass spectrometer equipped with an electrospray ion
formed as described previously [17-19]. Briefly, source (Applied Biosystems). The histone samples
fresh blood from young adult (3—4 months old) (10 containing 7.5wg histones) were injected
chickens (Foster Farms, Livingston, CA, USA) was onto a Wdac (Western Analytical Products, Murrieta,

mixed with anticoagulant (16 M citric acid, 89 M CA, USA) C, microbore column (1502.0 mm, 5
trisodium citrate, 16 il NaH, PO, , 0.13V glucose, pm particle size) linked with a {7 guard column

using 140 ml anticoagulant per liter blood) on ice (2.1 mm LI.D. cartridggend particle size). The
and the erythrocytes separated by repeated centrifu- histones were eluted by a linear gradient from 38% B
gation (5000g, 10 min) and washed (0.1¥1 NacCl, to 55% within 120 min at a flow-rate of 50/ min.

10 mM trisodium citrate, 0.1 il PMSF). The fine Mobile phase A was water, 0.10% (v/v) HFBA, and
pellet was lysed in Triton X-100 sucrose buffer (0.25 mobile phase B was 0.08% HFBA in acetonitrile.
M sucrose, 0.0181 MgCl,, 0.5 mM PMSF, 0.05M Approximately 10% of the eluent flow after the

Tris—HCI, pH 7.50 and 0.5% Triton X-100) over- T-splitter was introduced into the electrospray ioni-
night and washed (the washing buffer is same as the zation (ESI) source of the mass spectrometer. The
lysis buffer without detergent) to whiteness and remaining eluent was introduced to the Beckman
stored at 3C to release the nuclei. The washed (Palo Alto, CA, USA) Model 163 UV detector set at
pellet were suspended i2 | of 0.2 M sulfuric acid 214 nm wavelength and fractions were collected and

and stirred at 4C for 4 h. The supernatant after dried to a certain concentration by a speedvac for

centrifugation at 200@ for 15 min was saved and further enzymatic digestion and subsequent MALDI-
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TOF or tandem MS analysis. The mass spectrometer
was run in the positive ion mode. Mass spectrometric
parameters were optimized to obtain the maximum
sensitivity using a tuning solution [1 pmaqll of
gramicidin S in methanol-water—0.1% acetic acid
(50:49.9:0.1, v/v)]. The capillary voltage was 2200
V, the orifice voltage was 60 V and the source
temperature was 15C. Ultra-high pure nitrogen gas
was used as nebulizing (1.0 I/min) and auxiliary
gases (0.3 I/min). The mass spectrometer was also
calibrated by the above tuning solution. Full-scan
data were recorded by scanning from 500 to 2500
m/zin 5 s.

2.3. Enzymatic digestion and MALDI-TOF mass
spectrometry

Each dried HPLC fraction was redissolved in 20
pl of 25 mM ammonium bicarbonate containing 0.1
g of trypsin (Sigma). The solution was incubated at
37°C overnight and then dried to completeness by a
Speedvac. The digested peptides were dissolved in
10 pl of 0.1% trifluroacetic acid (TFA) and Ll of
the solution was mixed witha-cyano-4-hydroxy-
cinamic matrix solution (Hewlett-Packard) and ex-
posed to the MALDI analysis. Monoisotopic masses
of all peptides were measured by MALDI using a
Voyager DE-STR Biospectrometry Workstation (Per-
spective Biosystem, Foster City, CA, USA) with
delayed extraction operated in the reflectron mode.
All MALDI spectra were externally calibrated by
using a peptide standard mixture consisting of an-
giotensin Il (monoisotopic mass 1046.5423, Sigma),
bradykinin (monoisotopic mass 1060.5692, Sigma),
LHRH (monoisotopic mass 1182.5809, Sigma), bom-
besin (monoisotopic mass 1619.8229, Sigma),
MSH (monoisotopic mass 1664.8008, Sigma) and
adrenocorticotropic  hormone fragment 18-39
(monoisotopic mass 2465.1989, Sigma). From 100 to

256 shots were accumulated to give an acceptable >

spectrum.

3. Results and discussion

3.1. LC-MS analysis of core histones

Reversed-phase HPLC has been successfully used
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for core histone separation using HFBA, an alter-
native to TFA as ion-pair agent [11]. We applied the
same HPLC conditions to LC—MS based on the

strategy shown in Fig. 1. Histones were separated by
HPLC using a microbgre C column and a linear
narrow gradient increasing buffer B from 38% to
55% within 120 min (mobile phase A was water,
0.10% (v/v) HFBA, and mobile phase B was 0.08%

HFBA in acetonitrile). The four histones H2B, H2A,

H4 and H3 elute sequentially as seen in Fig. 2 which
shows the total ion current (TIC) diagram.

Figs. 3—7 display the electrospray spectra for all
the major peaks shown in the TIC labeled H2B,
H2A, H4, H3a and H3b, respectively. The inserts are
the reconstructed spectra using the deconvolution
software from which the molecular mass of each
histone can be read out. As shown in the inserted

reconstructed spectrum in Fig. 3, peaR/zof
13791.1 is assigned as H2B in a good agreement
with the calculated monoisotopic molar mass
(13 791.0) of histone H2B. Beside the main peak, a
series of peaks with smaller intensitigg at
13 805.2, 13 818.6, 13 832.5 were observed. It dem-
onstrated H2B has either one site to be mono-, di-
and trimethylated (or monoacetylated because mono-
acteylated protein has the same molecular mass as
the trimethylated protein) or three sites to be mono-
methylated. Peptide mapping by enzymatic digestion
and analysis by tandem MS supported that lysine 30
is mono-, di- and trimethylated (author’s unpublished
data).

In Fig. 4, the peakal3 850.8 was assigned

to H2A whose calculated monoisotopic molar mass

is 13 851.0. Peaksn/mef 13 892.88 andm/z

13 934.38 are the one- and two-site acetylated iso-
forms. Peptide mapping by enzymatic digestion and
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Fig. 2. TIC chromatogram of LC—MS of core histones.
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Fig. 3. ESI mass spectrum of histone H2B corresponding to the
peak 1 in the TIC diagram of Fig. 2. Accumulated scans covering
the full area of each peak were averaged for a spectrum with a
better signal-to-noise ratio. The insert spectra were reconstructed
from the charge distribution profile of the measured electrospray
spectra by the instrument inherent software (same for the follow-

ing figures). Me , Mg and Mg , mono-, di- and trimethylation.
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Fig. 4. ESI mass spectrum of histone H2A corresponding to the
peak 2 in TIC of Fig. 2. A¢ and Ag , mono- and diacetylated
isoforms.
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Fig. 5. ESI mass spectrum of histone H4. In the insert, the
convoluted spectrum, six peaks at/z of 11 306.2, 11 292.2,

11 320.5, 11348.3, 11380.4 and 114325 were observed.
Me, Ac,, Me,Ac, and Mg, Ag , mono-, di- and trimethylated and
nonacetylated H4 isoforms. Me2Acl, Me2 Ac2 and Me2Ac3,
mono-, di- and triacetylated as well as dimethylated H4 isoforms.
H4 and HFBA adduct was observedrafz 11 520.
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Fig. 6. ESI mass spectrum of histone H3a. In the insert, the
convoluted spectrum, a group of peaks differing by 14 Da between
each pair of neighboring peaks showed that multiple methylation
and/or acetylation isoforms existed.
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Fig. 7. ESI mass spectrum of histone H3b. In the insert, the
convoluted spectrum, four peaks are observeah/atof 15 298.1,
15312.6, 15327.4 and 153419 corresponding to multiply
methylated or acetylated H3 isoforms.

MALDI post-source decay (MALDI-PSD) (see Fig.
8) analysis showed that of these two isoforms of
H2A are one in which lysine 9 is acetylated and the
other in which lysine 4 and 9 are both acetylated.
In Fig. 5, the major peak ofm/z 11 306.2 is the
unacetylated histone H4 (note that the first serine
amino group is acetylated) while lysine 20 is di-
methylated. Mono- (peak an/z of 11 292.2) and
trimethylated (peak am/z of 11 320.06) H4 only
constitute a small percentage. Peaksndf 11 348.3,
m/z 11 390.4 andm/z 11 432.5 are the mono-, di-
and triacetylated histone H4 isoforms, respectively,
in which dimethylated lysine 20 dominates. The peak
of m/z 11520.0 is the H4-HFBA adduct accom-
panied by the same pattern of acetylated isoforms.
Peptide mapping by trypsin digestion and MALDI-
TOF MS analysis reveals that lysine 16, 12 and 8 are
acetylated in the order of 16—12—-8 (see Table 1 and
details in next section). MS—MS analysis has con-
firmed this unique arrangement of acetylation pattern



K. Zhang, H. Tang / J. Chromatogr. B 783 (2003) 173-179 177

Table 1
MALDI-TOF analysis of HPLC fractions containing H2a, H2b, H3a, H3b and H4
HPLC Histones Measured Calculated Peptide sequences
peaks masses masses
1 H2B 664.30 664.36 87-92 STITSR
703.33 703.37 73-79 IAGEASR
816.39 816.45 93-99 EIQTAVR
901.43 901.49 80-86 LAHYNKR
1743.60 1743.81 58-72 AMGIMNSFVNDIFER
2 H2A 850.48 850.52 82-86 HLQLAIR
944.33 944.52 21-29 AGLQFPVGR
1692.90 1692.90 82-95 HLQLAIRNDEELNK
2104.10 2104.18 82-99 HLQLAIRNDEELNKLLGK
3 H4 515.33 515.33 36-39 RLAR
530.31 530.26 13-17 GGAK R
543.41 543.36 20-23 K., VLR
927.54 927.55 9-17 GLGK GGAK R
989.64 989.57 60-67 VFLENVIR
1180.70 1180.61 46-55 ISGLIYEETR
1211.70 1211.71 6-17 GGK GLGK GGAK R
1325.80 1325.75 24-35 DNIQGITKPAIR
1438.80 1438.84 4-17 GK GGK GLGK GGAK R
1466.80 1466.76 80-92 TVTAMDVVYALKR
4 H3a 537.31 537.32 37-40 KPHR
594.25 594.33 53-56 RYQK
630.27 630.36 130-134 IRGER
715.33 715.40 123-128 DIQLAR
831.33 831.49 57-63 STELLIR
844.36 844.50 116-122 RVTIMPK
1032.39 1032.59 41-49 YRPGTVALR
1447.80 1447.85 27-40 K. s SAPATGGVK,, KPHR
+14.02n_,
5 H3B 704.39 704.40 3-8 TKo1 QTR
+14.0n,_,
901.54 901.52 9-17 Koz STGGK,; APR
+14.02n
1028.57 1028.62 18-25 KQLATKacAAR
1070.59 1070.63 18-25 K QLATKacAAR
1335.70 1335.69 73-83 EIAQDEK, , TDLR

*K,.and K, represent the acetylated and methylated lysines and numbers 0-3 represent mono-, di- and trimethylted lysines.
® Only masses not observed in H3a are shown here.

and this pattern is consistent with that observed in of lysine residues 27 and 36 and 79. Since the
human Hela cells [20]. Data also showed that detected mass for the peak was around 2500 Da
dimethylation of lysine 20 occurs in all isoforms of smaller than the calculated isotopic molar mass of
histone H4 [20]. histone H3, it may be either a variant of H3 short of
From the reconstructed spectrum in Fig. 6, we an N-terminal about 24 amino acid length={MH
observed a series of peaks from the smallmgr 2554.6) or the N-terminal 1-24 was lost during the
12 719.61 to the highesh/z 12 860.11 separated by process of protein isolation. As seen from the X-ray
14 Da between each pair of neighboring peaks. structure of human nucleosome, the N-terminal 1-45

These probably originate from multiple methylation of H3 extends out of the chromatin assembly mark-
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edly [2] and thus the N-terminal 1-24 is more likely
subjected to be cleaved by an undefined protease or
mechanically sheared when DNA is detached from
core histones by acid precipitation to extract core
histones.

In Fig. 7, the electrospray mass spectrum of HPLC
fraction containing histone H3b. After deconvolution
(see the insert spectrum), a series of four peaks of
mass values separated by 42 Dardi of 15 298.1,
15312.6, 15327.4 and 15341.9 was observed.
These correspond to multiple acetylation or methyla-
tion of histone H3. Peptide mapping demonstrated
that lysine 4 is monomethylated, lysines 9, 14, 27, 36
and 79 are from mono- to trimethylated, lysines 14,
18 and 23 are acetylated [19].

3.2. MALDI-TOF MS analysis of histones and
peptide mapping

A total of 90% of the HPLC effluent was collected
manually following the UV peaks; the UV profile is
not shown here. Five major fractions were collected
and analyzed by MALDI-TOF MS following trypsin
digestion. Histone identification was made by match-
ing the measured masses of the peptides with the
theoretical masses of the enzymatic products of a
specific histone (Table 1). The identified H2A, H2B,
H4, H3a and H3b corresponding to the major peaks
on the TIC of LC-MS are labeled on top of each
peak (Fig. 2).

Four types of acetylated isoforms of histone H4
were identified directly by MALDI-TOF MS. As
shown in Table 1, masses 530, 927, 1211 and 1438
correspond to one-site acetylation at lysine 16, two-
site acetylation at lysines 12 and 16, three-site
acetylation at lysines 8, 12 and 16, and four-site
acetylation at lysines 5, 8, 12 and 16. The acetylation
pattern is exactly the same as observed in the sodium
butyrate treated Hela S3 cells for which a “zip”
mechanism was proposed by Zhang et al. [20]. It has
not been feasible to identify the modification iso-
forms of histone H2A, H2B and H3 using trypsin
digestion and MALDI-TOF MS. Because avian
erythrocyte histones are only modified at low levels
[21] and because the N-termini of histones contain
multiple lysine (acetylated, methylated and un-
modified) and arginine residues, they are easily
cleaved by trypsin into various fragmenid (<500)
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which cannot be detected by MALDI-TOF MS due
to matrix interference. A strategy to use a low
trypsin-to-protein ratio and short incubation time has
proved practicable for identification of histone H3
modifications. Using this strategy, lysines 27, 36 and
79 have been identified to be methylated in histone
H3a. Besides the modification sites observed in H3b,
lysines 4, 9 and 14 in histone H3b have been
determined to be methylated and lysines 14, 18 and
23 are acetylated. The details can be found in Ref.
[19]. H2A and H2B were treated with V8 which
cleaved the protein at the C-terminal of amino acids
D and E. Two peptides with the same sequence in
H2A have been isolated by HPLC and analyzed by
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Fig. 8. MALDI-PSD spectra of precursor ions at/z 843 and
857. Sequence analysis shows lysine 9 in the peptide
GKQGG’K_ AR (m/z 843) is acetylated and both lysine 4 and 9
in the peptide G K. QG& K, ARri/z 857) are acetylated. The

fragmentation schematics are shown in the spectra.



K. Zhang, H. Tang / J. Chromatogr. B 783 (2003) 173-179

179

MS. Peptide mapping by tandem mass MS showed Acknowledgements

that in one of them, lysine 9 is acetylated, and in the
other, both lysine 4 and lysine 9 are acetylated (Fig.
8). Similarly, lysine 30 in H2B was identified to be
mono-, di- and tri-methylated (author’s unpublished
data), which is consistent with the observation by
LC-MS that three isoforms of H2B, among which

14 Da mass difference between one and the other,
were detected. Based on the peptide mapping results,

acetylation for histone H4, H2A and HS3 is in the
order from the histone structural portion to the end of
the tail portion i.e. from lysine 16 12,855 in
histone H4, from lysine 9.4 in histone H2A and
from lysine 23- 18- 14 (?) in histone H3. There-
fore, the “zip” model may be applied in all histones
except H2B in which no acetylation sites have been
observed.

4, Conclusion

LC-MS in combination with MALDI-TOF MS
proved capable of identifying histones and their
acetylation and methylation isoforms. With the ad-
vent of a mass spectrometer with high sensitivity and
resolution such as a quadruple TOF instrument
coupled with a nano-flow HPLC, the critical applica-
tion of this methodology to small amounts of core
histones isolated from biological fluids or tissues and
the determination of in vivo sites of histone acetyla-
tion and methylation will become possible [22].

5. Nomenclature

MALDI-TOF matrix assisted laser
ionization-time of flight

desorption/

LC-MS liquid chromatography—mass spec-
trometry

HFBA heptafluorobutyric acid

HAT histone acetyltransferase

HDAC histone deacetylase

AUT acetic—urea—Triton X-100

PMSF phenylmethylsulfonyl fluoride.

Mass spectral data were provided by the UCSF
Mass Spectrometry Facility (A.L. Burlingame, Direc-
tor) supported by the Biomedical Research Technol-
ogy Program of the National Center for Research
Resources, NIH NCRR BRTP RR01614. Support
from Professor A.L. Burlingame is greatly acknowl-

edged.
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