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Abstract

Hydrophilic-interaction liquid chromatography (HILIC) has recently been introduced as a highly efficient chromato-
graphic technique for the separation of a wide range of solutes. The present work was performed with the aim of evaluating
the potential utility of HILIC for the separation of posttranslationally acetylated histones. The protein fractionations were
generally achieved by using a weak cation-exchange column and an increasing sodium perchlorate gradient system in the
presence of acetonitrile (70%, v/v) at pH 3.0. In combination with reversed-phase high-performance liquid chromatography
(RP-HPLC) we have successfully separated various H2A variants and posttranslationally acetylated forms of H2A variants
and H4 proteins in very pure form. An unambiguous assignment of the histone fractions obtained was performed using
high-performance capillary and acid-urea—Triton gel electrophoresis. Our results demonstrate that for the analysis and
isolation of modified core histone variants HILIC provides a new and important alternative to traditional separation
techniques and will be useful in studying the biological function of histone acetylation.
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1. Introduction

Histones are the most intensively studied group of
basic nuclear proteins and are of great importance
with regard to the organization of chromatin struc-
ture and control of gene activity (for a review, see
[1]). Extensive chromatographic and electrophoretic
studies have demonstrated that they can be resolved
into five main classes: H1, H2A, H2B, H3 and H4.
In mammals, each class of these nuclear proteins,
with the exception of H4, is represented by non-
allelic primary sequence variants or subtypes which
differ one from the other only slightly in molecular
size and primary structure. Moreover, all histone
proteins are known to be posttranslationally modi-
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fied, such as acetylated, phosphorylated, ADP-
ribosylated etc. These modifications alter the amino
acid side chains, thereby creating histones whose
functional properties may differ. One of the major
types of modification observed is reversible acetyla-
tion of certain lysine residues within the N-terminal
domains of the core histones (H2A, H2B, H3, H4).
This modification has been associated with a tran-
scriptionally active state of chromatin [2-6]. In
addition to transcription, histone acetylation has been
implicated in other cellular processes such as replica-
tion and histone replacement during differentiation
[7.8].

So far, the biological function of histone acetyla-
tion is not well understood. To study nucleosome
and chromatin structure—function relationships of
histone acetylation it is necessary to assemble nu-
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cleosomes and chromatin models from exactly de-
fined acetylated histones and DNA sequences. This
requires the development of chromatographic meth-
ods for the fractionation and isolation of the various
acetylated core histone forms. During the last three
decades many attempts have been made to separate
all histone subtypes and their modified derivatives.
Until recently, the separation techniques were limited
to gel electrophoresis and conventional ion-exchange
chromatography. Gel electrophoresis permits sepa-
ration of several acetylated and phosphorylated
forms of histones with the drawbacks generally
known. The low-pressure ion-exchange chromatog-
raphy of histones is often unsatisfactory and more-
over, extremely time consuming [9,10]. HPLC isola-
tion of acetylated H3 and H4 proteins was performed
by Marvin et al. [11]. A satisfying resolution,
however, was only brought about by adding 8 M
urea.

A new method, hydrophilic-interaction liquid
chromatography (HILIC), combining hydrophilic
stationary phases and hydrophobic, mostly organic
mobile phases, was introduced by Alpert [12] and
opened new prospects on the separation of bio-
molecules. Separation by HILIC, in a manner similar
to normal-phase chromatography, depends on hydro-
philic interactions between the solutes and the hydro-
philic stationary phase. When using an ion-exchange
column, not only HILIC but also electrostatic effects
come into play. Such mixed-mode chromatography
allows the efficient resolution of various biomole-
cules [13,14]. In this paper we demonstrate that the
HILIC system represents a fast and efficient method
for the separation and isolation of H2A subtypes and
the acetylated states of histones H2A and H4.

2. Materials and methods
2.1. Chemicals

Sodium perchlorate (NaClO,) and triethylamine
(TEA) were purchased from Fluka (Buchs, Switzer-
land), hydroxypropylmethyl cellulose (HPMC; 4000
cP) and trifluoroacetic acid (TFA) were obtained
from Sigma (Munich, Germanv) and ethylene glycol
monomethyl ether (EGME) was ordered from Al-

drich (Steinheim, Germany). All other chemicals
were purchased from Merck (Darmstadt, Germany).

2.2, Cell line and culture conditions

Friend erythroleukaemic cells (line B8) were
grown in Dulbecco’s MEM containing 2 X non-essen-
tial amino acids, 1Xpenicillin—streptomycin and
10% FCS. Cells were cultured with initial cell
densities of 5-10°~7-10* cells per ml at 37°C and 5%
CO,. In order to achieve hyper-acetylated core
histones 1.75 mM sodium butyrate was added for 24
h to cells growing exponentially at a density of 2-10°
cells per ml.

2.3. Sample preparation

Whole histones from Friend erythroleukaemic
cells were prepared as described previously [15].

2.4. High-performance liquid chromatography

The equipment used consisted of two 114M
pumps, a 421A system controller and a Model 165
variable-wavelength UV-Vis detector (Beckman In-
struments, Palo Alto, CA, USA). The effluent was
monitored at 210 nm and the peaks were recorded
using a Beckman System Gold software.

2.5. Reversed-phase HPLC

The separation of whole histones from untreated
logarithmically growing and from butyrate-treated
Friend erythroleukaemic cells was performed on a
Nucleosil 300-5 C, column (125X8 mm LD., 5 um
beads, 30 nm; Macherey-Nagel, Diiren, Germany).
The lyophilized proteins were dissolved in water
containing 0.2 M 2-mercaptoethanol, and samples of
250 ug were injected onto the column. The histone
sample was chromatographed within 100 min at a
constant flow of 1.0 ml/min with a multi-step
acetonitrile gradient starting at 40% solvent B,
(solvent A: water containing 0.1% (v/v) TFA and
10% (v/v) EGME; solvent B: 70% (v/v) acetonitrile,
0.1% (v/v) TFA and 10% (v/v) EGME). The
concentration of solvent B was increased linearly in
the following order: from 40 to 61% (45 min), from
61 to 64% (35 min), from 64 to 74% (2 min),
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maintained at 74% for 9 min and from 74 to 100%
(10 min). Histone fractions were collected and after
the addition of 25 wl 2-mercaptoethanol (0.2 M),
lyophilized and stored at —20°C.

2.6. Hydrophilic-interaction liquid chromatography

Histone fractions H4, H2A.1 and H2A.2, isolated
by RP-HPLC, were analysed on a SynChropak
CM300 column (250X4.6 mm, 6.5 um beads, 30
nm; Hewlett-Packard, Vienna, Austria) at a constant
flow-rate of 1.0 ml/min.

H4 fractions were eluted within 35 min using a
two-step gradient starting from 0% B (solvent A:
70% acetonitrile, 0.015 M triethylamine phosphate
(TEAP, pH 3.0); solvent B: 70% acetonitrile, 0.015
M TEAP (pH 3.0) and 0.68 M NaClO,). The
concentration of solvent B was increased from O to
10% during 2 min and from 10 to 40% during 30
min.

The H2A variants were separated at 18°C with the
solvents described above. H2A.2 was analysed using
a two-step gradient from O to 35% B (5 min) and
from 35 to 48% B (25 min). H2A.1 was separated
within 30 min running a two-step gradient from O to
30% B (5 min) and from 30 to 45% B (25 min). The
isolated protein fractions were desalted using RP-
HPLC.

Histone fractions obtained in this way were col-
lected and after the addition of 25 wl 2-mercap-
toethanol (0.2 M), lyophilized and stored at —20°C.

2.7. Capillary electrophoresis

High-performance capillary electrophoresis
(HPCE) was performed on a Beckman system P/
ACE 2100 controlled by an AT486 computer. Data
collection and post-run data analysis were carried out
using P/ACE and System Gold software (Beckman
Instruments). The capillary cartridge used was fitted
with 75 pum LD. fused-silica of 57 cm total length
(50 cm to the detector). Protein samples were
injected by pressure and on-column detection was
performed by measuring UV absorption at 200 nm.
An untreated capillary was used in all experiments.
Runs were carried out in 100 mM phosphate buffer
(pH 2.0) containing 0.02% HPMC at constant volt-
age (12 kV) and at a capillary temperature of 25°C.

3. Results and discussion

Up to now, no chromatographic technique permits
the simultaneous separation of all histones and their
modified forms. RP-HPLC has already proved useful
for the separation of core and linker histones as well
as for the resolution of certain histone variants [16—
20]. This procedure, however, does not allow res-
olution of posttranslationally modified histones. To
achieve this objective, in a first step we applied
RP-HPLC in order to fractionate whole histones
isolated from erythroleukaemic cells. Using a semi-
preparative column filled with Nucleosil 300-5 C,
and a multi-step water—acetonitrile gradient we
obtained eleven histone fractions, namely the linker
histone subtypes H1°, Hib, Hla, Hle+H]1d, Hlc and
the core histones H2B, H2A.2, H4, H2A.1, H3.2+
H3.3 and H3.1 (Fig. 1) which were characterized by
sodium dodecylsulfate (SDS) and AUT poly-
acrylamide gel electrophoresis, as recently described
[19]. The fact that variously acetylated forms of one
and the same protein are coeluted in RP-HPLC with
its unmodified parent protein has previously been
demonstrated for histone H4. By applying a new
HPCE method (uncoated capillary, 0.1 M phosphate
buffer with pH 2.0 containing 0.02% HPMC), the
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Fig. 1. Separation of whole histones by RP-HPLC. Amounts of
250 ug of histone samplie isolated from untreated Friend erythro-
leukaemic cells were injected on to a Nucleosil 300-5 C, column.
Flow-rate, 1 mi/min. Monitoring wavelength: 210 nm. Eluent:
100 min multi-step gradient, where solvent A is water and solvent
B is 70% acetonitrile, both solvents containing 0.1% TFA and
10% EGME. Starting at 60% A-40% B, the concentration of
solvent B was increased linearly in the following order: from 40 to
61% (45 min), from 61 to 64% (35 min), from 64 to 74% (2 min),
maintained at 74% for 9 min and from 74 to 100% (10 min).
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histone H4 fraction, which was a single peak in
RP-HPLC, was further separated into three peaks
belonging to the non-, mono- and di-acetylated forms
of histone H4 [21].

In a first effort the H4 sample was chromato-
graphed under ion-exchange conditions applying
several silica-based cation-exchange columns with a
linear 0-2 M sodium chloride gradient. These at-
tempts, however, were without success due to ir-
reversible adsorption of the histone (data not shown).
We assume that this effect is caused by strong
hydrophobic interactions between column matrix and
the C-terminal region of histone H4 which is en-
riched in acidic and hydrophobic amino acids.

Since HILIC-based methods have recently been
reported for the separation of amino acids, peptides
and carbohydrates [12], we were interested in testing
the HILIC mode for the separation of acetylated
histones for two reasons. First, in contrast to ion-
exchange chromatography the HILIC system sepa-
rates solutes based on their hydrophilicity. In the
case of histone acetylation not only the net positive
charge but also the hydrophilicity of histone proteins
will be changed in the same manner, the higher the
degree of acetylation, the lower the positive charge
and — more important in this context — the hydro-
philicity of the histone molecule. Second, all histones
display multi-domain structures, an extended hydro-
phobic domain is flanked by one or two hydrophilic
basic regions. These regions should preferentially
bind to the hydrophilic chromatographic sorbent.
Since acetylation occurs exclusively in the hydro-
philic N-terminal region of histones, thus changing
the hydrophilicity of their contact region, the HILIC
mode should be able to discriminate between in-
dividual modified proteins. Furthermore, this concept
could explain the poor ability of RP-HPLC to resolve
histone modifications. In this case, the hydrophobic
domain which is not affected by acetylation, ac-
counts for adsorption to the hydrophobic stationary
phase. In fact, when sodium perchlorate was used
instead of chloride in the presence of at least 50%
acetonitrile, which are already typical HILIC con-
ditions, resolution improved. Interestingly, a remark-
able difference in the elution behavior of histone H4
was observed, depending on the column type used.
Best results were obtained with the SynChropak
CM300 column, a weak silica-based cation-exchange

column having carboxymethyl functionalities. When
other column types were used, however, the H4
protein was eluted markedly later and accompanied
by a dramatically reduced protein recovery (data not
shown). This inconvenient effect can easily be
explained by a precipitation of proteins caused by the
higher perchlorate concentration required for histone
elution. Under optimized conditions applying the
SynChropak CM300 column with a linear sodium
perchlorate gradient (0—0.68 M) in the presence of
70% acetonitrile and 0.015 M TEAP (pH 3.0), the
H4 fraction was separated into two major and some
minor peaks (Fig. 2). Assignment of the individual
fractions obtained by HILIC was performed in a
3-fold way. First, after desalting by RP-HPLC the
isolated HILIC fractions were subjected to CE
analysis and their migration times compared with
those of the whole histone H4 sample. As an
example, CE analysis of the second highest peak in
Fig. 2 (eluted at 26 min and designated peak 2) is
shown in Fig. 3a. The fraction has been proved to be
remarkably pure, only a single peak was obtained,
having a migration time nearly identical to that of the
mono-acetylated histone H4 (Fig. 3b). Second, as-
signment was confirmed by adding individual HILIC
fractions to the whole H4 histone sample leading to a
characteristic increase of one peak in the elec-
tropherogram (shown in Fig. 3c for the unknown
peak 2 in Fig. 2). Third, the same HILIC fractions
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Fig. 2. Separation of acetylated histone H4 by HILIC. The histone
H4 fraction used was isolated by RP-HPLC (Fig. 1). Column,
SynChropak CM300 (250X4.6 mm, 6.5 um beads, 30 nm);
flow-rate, 1.0 ml/min; temperature, 20°C; mobile phase, 0.015 M
TEAP (pH 3.0) with 70% (v/v) acetonitrile and a gradient of
sodium perchlorate (see Section 2).
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Fig. 3. HPCE of acetylated histone H4. CE conditions were as
follows: buffer, 0.1 M sodium phosphate (pH 2.0) with 0.02%
HPMC; injection time, 3 s; voltage applied, 12 kV; constant
temperature, 25°C; detection at 200 nm; untreated capillary (50
cmX75 pm LD.). (a) HPCE of the H4 fraction eluted at 26 min in
the HILIC run of Fig. 2; (b) HPCE of histone H4 isolated by
RP-HPLC (Fig. 1); (c) HPCE of histone H4 isolated by RP-HPLC
with the addition of the H4 fraction eluted at 26 min in the HILIC
run shown in Fig. 2; H4 ,, H4 ,, H4, ,=non-, mono- and
diacetylated H4 histones.

were analysed individually by AUT-PAGE (data not
shown). All these procedures led to the following
assignment of histone H4 peaks shown in Fig. 2. The
first eluted small peak consisted of di-acetylated H4
(peak 1), followed by the mono-acetylated (peak 2)
and the non-acetylated form (peak 3).

To examine the analytical potential of the HILIC
method developed, we subsequently attempted to
separate highly acetylated histone H4 into its distinct
forms. To achieve hyper-acetylated core histones,
Friend erythroleukaemic cells were treated with
sodium butyrate which is known to be a potent
inhibitor of histone deacetylase(s) [22]. The H4
fraction was isolated by RP-HPLC and the degree of
acetylation determined by CE (Fig. 4). Five peaks
were found and identified as the non-, mono-, di-, tri-
and tetraacetylated form of histone H4 according to
[21]. The corresponding HILIC fractionation of the
histone H4 sample resulted in a similar separation
pattern. As shown in Fig. 5, five baseline separated
peaks were obtained, which were identified as de-
scribed above with the following result: tetra-
acetylated histone H4 (ac,) was eluted first, followed
by the tri-(ac;), di-(ac,), mono-(ac,) and non-
acetylated (ac,) derivatives. These identities are
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Fig. 4. HPCE of hyper-acetylated histone H4 of butyrate-treated

Friend erythroleukaemic cells. The histone H4 fraction used was

isolated by RP-HPLC. CE conditions as in Fig. 3; ac0, acl, ac2,
ac3, ac4= non-, mono-, di-, tri- and tetraacetylated H4 histones.

marked on Fig. 5. The AUT-PAGE shown in Fig. 6
illustrates the purity of the histone H4 fractions
isolated by the HILIC procedure described here.

It should be pointed out that in CE (Fig. 4) the
peak order of hyper-acetylated H4 histones is re-
versed as compared to that in the HILIC mode (Fig.
5). As described above, this observation can be
explained by the fact that the acetylation of lysine
residues of histone H4, depending on the degree of
acetylation, causes a decrease of both the overall
positive charge and the hydrophilicity of the mole-
cule. Whereas proteins are separated in CE in order
of decreasing net positive charge, in the HILIC mode
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Fig. 5. Separation of hyper-acetylated histone H4 of butyrate-
treated Friend erythroleukaemic cells by HILIC. The histone H4
fraction was isolated by RP-HPLC. Conditions were the same as
for Fig. 2. Abbreviations used were the same as for Fig. 4.
Numbered fractions were lyophilized and subjected to AUT-
PAGE (shown in Fig. 6).
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Fig. 6. AUT-PAGE of hyper-acetylated histone H4 separated by the HILIC system used in Fig. 5. (1)—(5), number of effluent fractions, as
designated in Fig. 5. Lane STD, whole histones (15 ug) from butyrate-treated Friend erythroleukaemic cells.

proteins are eluted in order of increasing hydro-
philicity.

The fact that the HILIC method presented in this
paper is not limited to the separation and isolation of
modified H4 histones is shown in Fig. 7. The histone
H2A.1 fraction obtained by RP-HPLC was analysed
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Fig. 7. Separation of histone H2A.1 of butyrate-treated Friend
erythroleukaemic cells by HILIC. The histone H2A.1 fraction was
isolated by RP-HPLC. Conditions were the same as for Fig. 2
except that the gradient used was modified (see Section 2) and
column temperature was 18°C; H2A.1, , H2A.1,,, H2AX, .
H2A X,.,: non- and mono-acetylated histones H2A.1 and H2A X,
respectively. Numbered fractions were lyophilized and subjected

to AUT-PAGE (shown in Fig. 8).

using the SynChropak CM300 column and HILIC
conditions similar to those applied for the frac-
tionation of hyper-acetylated histone H4 (Fig. 5). As
can be seen, we were successful in baseline sepa-
ration of non-acetylated histone H2A.1 from the
mono-acetylated one and the non-acetylated histone
H2A.X (=H2A.4) from both mono-acetylated H2A.1
and H2A.X histones. Identification of the individual
peaks followed from AUT gel electrophoresis (Fig.
8).

Up to now, the chromatographic fractionation of
the complex histone H2A.2 variants has been an
unresolved problem as well. On very long AUT gels,
H2A.2 can be partially resolved into the two sub-
components H2A.2* and H2A.2" [23], most likely
differing in the presence or deletion of His'** as
shown in human H2A [24]. This gel system, how-
ever, is unsuitable for separating non-acetylated
H2A.2" from mono-acetylated H2A.2°. By applying
the HILIC method to separation of the H2A.2
fraction isolated by RP-HPLC, a complete resolution
of non- and mono-acetylated H2A.2* and H2A.2"
histones from each other was achieved. Fig. 9 shows
the chromatogram. The five peaks obtained within 25
min were identified by AUT gel electrophoresis (Fig.
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Fig. 8. AUT-PAGE of histone H2A.1 separated by the HILIC system used in Fig. 7. (1-4) Number of effluent fractions, as designated in
Fig. 7. Lane STD, H2A histone (8 ug) from butyrate-treated Friend erythroleukaemic cells.
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Fig. 9. Separation of histone H2A.2 of butyrate-treated Friend
erythroleukaemic cells by HILIC. The histone H2A.2 fraction was
isolated by RP-HPLC. Conditions were the same as for Fig. 2
except that the gradient used was modified (see Section 2) and
column temperature was 18°C; H2A.22, H2A2% |, H2A.2) ,
H2A.2{,: non- and mono-acetylated histones H2A.2° and
H2A.2", respectively. Numbered fractions were lyophilized and
subjected to AUT-PAGE (shown in Fig. 10).

10) with the following result: fraction No. 1 most
likely contains H2A.3; No. 2, mono-acetylated his-
tone H2A.2°, which is not well separated from
H2A.3; No. 3, mono-acetylated H2A.2"; No. 4, non-
acetylated H2A.2"; No. 5, non-acetylated H2A.2°.

STD

(1

2

Histone H2A.3 occurs in very low amounts in
rapidly dividing cells but accumulates slowly in
non-dividing cells [22,24]. To ascertain that fraction
1 consists of histone H2A.3 we isolated an H2A.2
fraction from logarithmically growing cells by RP-
HPLC and analysed it by HILIC (data not shown).
Since the peak in question decreases obviously, the
presence of H2A.3 in fraction 1 appears to be
supported.

Finally, the H2A.2 fraction already analysed by
HILIC (Fig. 9) was subjected to CE using the same
conditions as for separation of acetylated H4 his-
tones. Fig. 11 shows the resulting electropherogram.
As expected, the peak order was reversed compared
to that in the HILIC mode (Fig. 9). It should be
noted, however, that in contrast to HILIC, CE clearly
separated histone H2A.3 from mono-acetylated
H2A.2".

4. Conclusion

The results presented demonstrate that the HILIC
system, in combination with RP-HPLC, is a par-
ticularly powerful and reliable technique for the

3) 4) )

Fig. 10. AUT-PAGE of histone H2A.2 separated by the HILIC system used in Fig. 9. (1-5) Number of effluent fractions, as designated in
Fig. 9. Lane STD, H2A histone (8 ug) from butyrate-treated Friend erythroleukaemic cells.
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Fig. 11. HPCE of histone H2A.2 of butyrate-treated Friend

erythroleukaemic cells. The histone H2A.2 fraction was isolated

by RP-HPLC. CE conditions as in Fig. 3. Abbreviations used were
the same as for Fig. 9.

analytical and semipreparative—scale isolation of
histone H2A variants, acetylated H2A variants and
acetylated H4 histones. So far, no other chromato-
graphic procedure has achieved such an excellent
resolution of core histone variants and modified core
histone proteins. It thus provides an important alter-
native to the time-consuming conventional ion-ex-
change chromatography.
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