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Abstract

A mixed-mode high-performance liquid chromatography (HPLC) method that resolves the six known non-alelic variants
of chicken erythrocyte histone H1 is described. Common, but previously unknown, aldlic variants of H1 that comigrate in
polyacrylamide gel electrophoresis are also resolved. The resolution of H1 variants achieved by this method should be useful
in determining the functional significance of H1 sequence heterogeneity and in analyses of post-translational modification of
H1. Furthermore, the principles behind the separation should be applicable to analyses of polymorphism in other proteins.

0 2000 Elsevier Science BV. All rights reserved.

Keywords. Histone H1

1. Introduction

An octamer of the core histones, H2A, H2B, H3
and H4, associates with DNA to form the basic
structural unit of eukaryotic chromatin, the nucleo-
some [1]. A fifth type of histone, referred to as linker
or H1 histone, binds the exterior surface of nucleo-
somes and portions of the linker DNA joining
adjacent nucleosomes. Recent advances in biochem-
istry and genetics have established primary roles for
core histones, and their post-translational modifica-
tion, in mechanisms that regulate chromatin tran-
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scription [2,3], but the roles of linker histones in
nuclear function are less defined. Early anayses
suggested that H1 was a general repressor of tran-
scription in vitro [4], however, recent investigations
have shown that, in vivo, these proteins can regulate
transcription positively or negatively in a gene-spe-
cific fashion [5] and contribute to the supranu-
cleosomal folding of chromatin [6]. Additionally, the
correlation of mitotic hyperphosphorylation of H1
with metaphase chromosome condensation suggests
H1 phosphorylation promotes chromatin condensa-
tion [7], but other evidence supports the possibility
that phosphorylation of H1 is associated with chro-
matin decondensation [8] and enhanced transcription
[9,10].

Although the primary structures of all the histones
are, in general, highly conserved across plant and
animal phyla, copies of genes arising by duplication
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have diverged during evolution such that multiple
genes, encoding variants (subtypes) with limited
differences in amino acid sequence, exist for nearly
al the histones in most eukaryotes [1,11-13]. The
H1 group is the most heterogeneous of al the
histones and a long-standing question regarding the
role(s) of H1 in chromatin is whether H1 variants
have evolved to perform functionaly distinct roles
[1,11,12,14]. However, the limited resolution of H1
variants provided by existing methods has hindered
comprehensive structural and functional analyses of
these proteins. Cation-exchange chromatography on
Bio-Rex 70 (Amberlite IRC-50) [15] and two-dimen-
sional electrophoresis [16] have been used most
frequently to resolve forms of H1. Alterations in the
abundance of the forms resolved by these methods
correlate with cellular differentiation and cell cycle
progression (e.g. [15,17,18]), supporting the notion
of functional diversity for at least some H1 variants.
However, incomplete characterization of the com-
ponents resolved and, in some cases, the apparent
heterogeneous nature of the fractions resolved, com-
plicate interpretation of these studies.

More recently, high-performance liquid chroma-
tography (HPLC) techniques have been applied to
resolve H1 variants. To date, the majority of reports
have described the use of reversed-phase HPLC
(RP-HPLC). However, the resolution of H1 variants
by RP-HPLC is often lower than that achieved by
electrophoretic methods. In some reports, a single
peak was observed upon RP-HPLC of H1 samples
exhibiting electrophoretic heterogeneity [19-23],
athough two to five peaks were resolved in other
cases [24-36]. Even though the volatile mobile
phases routinely employed in RP-HPLC facilitate
subsequent biomolecular characterization, the limited
analyses performed in many of these studies make it
difficult to assess whether any H1 variants were
purified to homogeneity. Frequently, one or more of
the H1 peaks isolated by RP-HPLC were shown to
be heterogeneous in electrophoresis [20,21,23,25,
28,29,32,33,35-38].

We have examined the ability of cation-exchange-
HPLC (CX-HPLC) to resolve H1 variants using
chicken erythrocyte H1 as a test sample. Six genes,
estimated to represent the total H1 gene complement
in this species, have been isolated and segquenced
[39]. Moreover, the six protein bands resolved by

acetic acid—urea-polyacrylamide gel electrophoresis
(AU-PAGE) of chicken erythrocyte H1 have been
aligned with these sequences [40]. Conventional CX-
HPLC did not completely resolve any of these H1
variants. However, based on work described previ-
oudly [41,42], we developed a mixed-mode method
using a hydrophilic weak cation-exchange stationary
phase with largely non-agueous mobile phases that
resolved all six known chicken H1 variants. Addi-
tionally, multiple peaks were resolved for some of
these proteins and we present evidence that they
represent alelic variants of known H1 genes.
The term hydrophilic-interaction chromatography
(HILIC) has been proposed to describe separations
of solutes in hydrophobic mobile phases using polar
stationary phases [43], and numerous substances
have been separated on ionizable and neutral sup-
ports under conditions in which polar or hydrophilic
interactions are thought to predominate [38,43—47].
Because both electrostatic and hydrophilic interac-
tions appear to contribute significantly to the res-
olution of H1 variants under our conditions, we
acknowledge the mixed-mode nature of the tech-
nique by referring to it as cation-exchange-hydro-
philic-interaction chromatography (CX-HILIC), and
show here that solvent-induced alterations in the
secondary structure of H1 also appear to be involved.
CX-HILIC reveds that chicken erythrocyte H1 is
much more heterogeneous than has been reported
previously, and our data suggest thisis attributable to
the existence of allelic variants that are not resolved
by other techniques. CX-HILIC and related methods
appear to be particularly well-suited for the res-
olution of polypeptides that differ only dightly in
their physical and chemical properties and hence are
not resolved by conventional HPLC techniques.

2. Materials and methods
2.1. Chemicals

Trifluoroacetic acid (TFA) was from Pierce (Se-
quanal grade, Rockford, IL, USA). HPLC-grade
sodium perchlorate and acetonitrile were from Fisher
Scientific (Fairlawn, NJ, USA) and VWR Scientific
(Chester, PA, USA), respectively. Acrylamide, bis-
acrylamide and sodium dodecyl sulfate (SDS) were
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from Bio-Rad (Hercules, CA, USA). Water was
prepared with a Milli-Q deionization system (Milli-
pore, Bedford, MA, USA). All other chemicals
employed were ACS grade or better.

2.2. Isolation of chicken erythrocyte nuclei

Pooled chicken blood, comprised of approximately
10 ml of blood from each of 100 adult animals, was
obtained a a local poultry packer. Blood was
collected into an equal volume of ice-cold 154 mM
NaCl, 20 mM Na-EDTA pH 8.0, 1.0 mM phenyl-
methylsulfonyl fluoride (PMSF) and subsequently
pooled with other samples on ice. Blood from single
chickens was collected by perfusion of anesthetized
birds with heparinized saline. Nuclei were prepared
from pooled and single anima blood samples by
detergent lysis of erythrocytes as described previous-
ly [48].

2.3 Extraction of crude HI-H5

2.31. Acid extraction

All steps were performed at 4°C. Total histone
was extracted from freshly prepared nuclei with 0.4
N H,SO, and core histones selectively precipitated
by the addition of perchloric acid (PCA, 5% (w/v)
final). The crude H1-H5 mixture was recovered
from the 5% PCA supernatant by trichloroacetic acid
(TCA) precipitation (20% (w/v) final). Protein pre-
cipitates were washed twice with acetone containing
0.1% (v/v) HCI, twice with acetone, dried under
vacuum and stored dry at —70°C.

232 St extraction

Alternatively, crude H1-H5 was selectively ex-
tracted from pooled erythrocyte nuclei with 0.6 M
NaCl containing 0.5 mM PMSF at 4°C. Following
clarification by centrifugation, the supernatant was
dialysed against 150 mM NaCl, 0.5 mM PMSF, 10
mM sodium phosphate pH 7.0 and stored as a frozen
solution at —70°C.

2.4. Isolation of total HZ from crude HI-H5
24.1. Large scale preparation

A large sample of electrophoretically pure total H1
for HPLC method development (i.e. containing al

H1 forms present in the crude extract but not
detectable amounts of H5 or other proteins) was
prepared by gel filtration of crude H1-H5 obtained
from pooled erythrocyte nuclei by acid-extraction.
Two columns (5.0 cm 1.D.X100 cm) packed with
Bio-Gel P100 (100—200 mesh; Bio-Rad, Hercules,
CA, USA) were eluted in series at 50 ml/h with 10
mM HCl and 3 mM NaN, at 22°C. Elution was
monitored at 218 nm. Fractions were analysed by gel
electrophoresis and those containing only H1 were
pooled and the protein recovered by TCA precipi-
tation.

24.2. 9mall scale preparation

Total H1 was prepared from the blood of single
chickens by acid-extraction of isolated nuclei fol-
lowed by RP-HPLC as described below. Total H1
was prepared from salt extracts of pooled erythrocyte
nuclei by chromatography on Sephadex CMC-25
(Amersham Pharmacia Biotech, Piscataway, NJ,
USA) as described previously [49].

2.5. Polyacrylamide gel electrophoresis

Electrophoresis in 12% and 15% (w/v) poly-
acrylamide gels containing SDS (SDS-PAGE) was
performed according to Laemmli [50]. Electropho-
resis in 50 cm long 15% (w/v) polyacrylamide gels
containing 25 M urea and 0.9 N acetic acid (AU-
PAGE) was performed as described by Lennox and
Cohen [16]. Gels were stained with Coomassie Blue
R-250 or silver nitrate [51].

26. HPLC

Separations were performed at room temperature
on Waters (Bedford, MA, USA) or Beckman (Fuller-
ton, CA, USA) binary gradient chromatographs with
computerized data collection and instrument control.
Protein elution was monitored at 214 nm.

26.1. RP-HPLC

RP-HPLC was performed using a Chromegabond
MC-18 column (4.6 mm 1.D.X250 mm, 5-p. diam-
eter silica particles with 30-nm diameter pores, E.S.
Industries, Berlin, NJ, USA) eluted with a linear
gradient of 5—60% (v/v) acetonitrile in 0.1% (v/v)
TFA over 2 h a 0.8 ml/min. Proteins were re-
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covered from RP-HPLC eluents by solvent evapora-
tion using a SpeedVac apparatus (Savant Inc.,
Farmingdale, NY, USA).

26.2. CX-HPLC

The following CX-HPLC columns were tested for
their ability to resolve pooled total erythrocyte H1
using comparable linear gradients of sodium chloride
in 20 mM sodium phosphate pH 6.5: Mono-S (5.0
mm 1.D.X50 mm; Amersham Pharmacia Biotech,
Piscataway, NJ, USA), Protein-Pak SP-5PW (7.0 mm
I.D.X50 mm; Waters, Bedford, MA, USA), Tessek
Hema-Bio 1000CM (5.0 mm 1.D.X50 mm; Fisher
Scientific, Fairlawn, NJ, USA), Synchropak CM-300
(4.6 mm 1.D.X250 mm; Synchrom, Lafayette, IN,
USA), Spherogel TSK CM3SW and Spherogel TSK
IEX-535CM (4.6 mm [.D.X250 mm; Beckman,
Fullerton, CA, USA), Aquapore CX-300 (4.6 mm
1.D.X250 mm; Applied Biosystems, Foster City, CA,
USA) PolySULFOETHYL A and PolyCAT A (4.6
mm [.D.X200 mm; PolyLC Inc., Columbia, MD,
USA). Of these, PolyCAT A resolved the greatest
number of peaks and was selected for further method
development.

26.3. CX-HILIC

CX-HILIC was performed on PolyCAT A col-
umns (4.6 mm 1.D.X200 mm) packed with 5-p
diameter particles with various pore diameters as
described in the figure legends. CX-HPLC buffers
containing acetonitrile were prepared by dissolving
all components except water in the desired volume of
acetonitrile using a magnetic stirrer. Water was then
added to bring the volume to 95% of the intended
final volume and the solution alowed to come to
room temperature (22°C). The pH was adjusted
using a glass combination electrode and then water
was added to give the fina intended volume. This
method of preparation was adopted to avoid errors
due to the effects of organic solvents on buffer
ionization constants. In the presence of more than
50% (v/v) acetonitrile, the apparent pK, of phos-
phate and propionate buffers were shifted upwards
such that the buffering capacity of 10 mM sodium
phosphate was less than that of sodium propionate at
pH 6.5. Chromatograms obtained using phosphate or
propionate buffers in 70% (v/v) acetonitrile were
identical but retention time reproducibility was great-

er with the propionate system. Buffers were vacuum-
filtered using a 0.45-p. pore diameter Durapore
membrane (Millipore, Bedford, MA, USA) prior to
use. Proteins were recovered from CX-HILIC eluents
by TCA precipitation after evaporation of acetonitrile
under vacuum in a Speed-Vac apparatus.

2.7. Circular dichroism spectroscopy

CD gpectra were recorded on a J720 spec-
tropolarimeter (JASCO, Easton, MD, USA) using a
0.1-mm pathlength quartz cell. Identical samples (80
prg) of pooled total erythrocyte H1 dried in micro-
centrifuge tubes were dissolved in 10 pl of water and
then brought to a final volume of 200 wl with the
appropriate solvents several hours prior to measure-
ment. Ten scans were averaged for each sample.

3. Resaults

3.1. Resolution of chicken erythrocyte H1 variants
by RP, CX-HPLC and CX-HILIC

Total H1 from pooled blood, comprising six bands
in AU-PAGE (e.g. Fig. 6), eluted as a single peak in
RP-HPLC even though a shalow gradient was
employed (Fig. 1A). Similar results were obtained
using RP-HPLC columns from different manufactur-
ers using a variety of elution strategies (data not
shown). In contrast, two or more forms of H1 were
partially resolved when silica-based and polymer-
based CX-HPLC columns from several manufactur-
ers were eluted with linear gradients of NaCl in
aqueous buffer at pH 6.5 (data not shown). Under
these test conditions, columns packed with PolyCAT
A provided the greatest resolution of chicken H1
variants (data not shown). We found that eluent
composition significantly affected the retention and
resolution of H1 on PolyCAT A. As shown in Fig.
1B and 1D, when the same NaClO, gradient was
employed with buffers containing 0, 40 or 70% (v/V)
acetonitrile, the retention of H1 was lower in buffers
containing 40% (v/v) acetonitrile. The inset of Fig.
1C shows a separation in 40% (v/v) acetonitrile
using a NaClO, gradient with the same slope as
those in Fig. 1B and 1D, but after reduction of the
initial and final salt concentrations to make the
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Fig. 1. Resolution of H1 variants by RP-HPLC, CX-HPLC and
CX-HILIC. Identical 100-j.g samples of pooled chicken erythro-
cyte H1 were chromatographed by (A) RP-HPLC, (B and C)
CX-HPLC and (D) CX-HILIC. (A) A Chromegabond MC-18
column was eluted with a 2-h linear gradient from 5 to 60% (v/v)
acetonitrile in 0.1% (v/v) TFA. (B-D) A PolyCAT A column
(100-nm diameter pores) was eluted with a 4-h linear gradient
from 380 to 590 mM NaClO,. Buffers were (B) 10 mM sodium
phosphate pH 6.5, (C) 10 mM sodium phosphate pH 6.5 con-
taining 40% (v/v) acetonitrile and (D) 10 mM propionic acid pH
6.5 containing 70% (v/v) acetonitrile. The profile obtained with a
4-h linear gradient from 230 to 440 mM NaClO, in 10 mM
sodium phosphate pH 6.5 containing 40% (v/v) acetonitrile is
shown in the inset of (C). In al panels (A-D), the flow-rate was
0.8 ml/min and detection was at 214 nm.

overall retention of H1 similar to that in Fig. 1B—D.
Despite this adjustment, the resolution of H1 variants
in 40% (v/v) acetonitrile was similar or dightly
inferior to that achieved in completely aqueous
buffer. In contrast, the resolution of H1 variants in

buffer containing 70% (v/v) acetonitrile (Fig. 1D)
was markedly greater than that achieved in buffers
containing less acetonitrile. In the absence of ace-
tonitrile, various gradient materials, including potas-
sium chloride, sodium chloride and sodium sulfate
gave results similar to those shown for sodium
perchlorate in Fig. 1B (data not shown). However,
sodium perchlorate was the only salt available in
sufficiently pure form that we found to be compatible
with chromatography in buffers composed primarily
of acetonitrile. Detailed optimization experiments
established that the retention and resolution of H1
variants were decreased when buffers containing
70% (v/v) acetonitrile were adjusted to pH values
other than 6.5 (data not shown). In accordance with
the rationale discussed below, we designate cation-
exchange chromatography performed on a hydro-
philic support, such as PolyCAT A with largely
non-agueous mobile phases, as in Fig. 1D, by the
acronym CX-HILIC.

3.2, Effect of acetonitrile on HI retention in CX-
HPLC

To better understand the effect of acetonitrile on
the retention of chicken H1 by PolyCAT A, we
performed a series of separations using identical
NaClO, gradients, in which buffer acetonitrile con-
tent was increased by increments of 5 or 10% (v/v)
and plotted the retention time of the earliest eluting
H1 peak as a function of buffer acetonitrile content
(Fig. 2). H1 retention decreased gradually as buffer
acetonitrile content was increased from O to 40%
(v/v), reached a minimum at approximately 40%
(v/v) acetonitrile, increased gradually as acetonitrile
content was raised from 40 to 60% (v/v), and then
increased steeply between 60 and 70% (v/v) acetoni-
trile. Even though total chicken H1 remained soluble
at a concentration of 1 mg/ml in buffers containing
90% (v/v) acetonitrile and 0.4 M NaClO,, elution of
H1 was not observed when acetonitrile concentra-
tions greater than 72% (v/v) were employed, appar-
ently due to precipitation of H1 within the HPLC
system following injection (data not shown). Except
for the spectroscopic studies described below, prop-
ionate buffer was employed in place of phosphate at
acetonitrile concentrations greater than 50% (v/v)
throughout this work due to the effect of high
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Fig. 2. Effect of acetonitrile concentration on H1 retention by
PolyCAT A. Identical 100-n.g samples of pooled chicken erythro-
cyte H1 were chromatographed on the same PolyCAT A column
(100-nm diameter pores) with a 4-h gradient from 380 to 590 mM
NaClO, in mobile phases containing 0, 10, 20, 30, 40, 45, 50, 55,
60, 65 and 70% (v/v) acetonitrile. Buffers were 10 mM sodium
phosphate pH 6.5 for mobile phases containing 0-50% (v/v)
acetonitrile and 10 mM propionic acid pH 6.5 for mobile phases
containing 55—70% (v/v) acetonitrile. All other conditions were as
in Fig. 1. The retention time of the first H1 component to elute is
plotted as a function of the mobile phase acetonitrile concen-
tration.

concentrations of organic solvent on buffer pK, (see
Section 2.6.3).

3.3. H1 conformation in buffers containing CH,CN
and NaClO,

To ascertain whether aterations in H1 conforma-
tion contributed to the resolution of variants achieved
in buffers containing 70% (v/v) acetonitrile, we
studied the effects of acetonitrile and sodium per-
chlorate on the conformation of total H1 using
circular dichroism (CD) spectroscopy (Fig. 3).
NaClO, (0.6 M) and 70% (v/v) CH,CN each
increased the a-helix content of total H1 to a similar
extent (enhanced negative dlipticity at 222 nm)
relative to its conformation in 10 mM sodium
phosphate (pH 6.5) alone. When acetonitrile and
sodium perchlorate were used in combination, i.e. as
in CX-HILIC, the effects were additive. Identical
results were obtained for solutions containing prop-

— 10 mM Na-POy4
50% e 0.6 M NaClO4
% —— 70% CH3CN

--------- 70% CH3CN + 0.6 M NaClOy4

&
o

1073 x [6] (degrees.cm2.dmol'1)
o

-10.
0.0 200 220 240

Wavelength (nm)

Fig. 3. Effect of acetonitrile and sodium perchlorate on H1
secondary structure. CD spectra are shown of identical samples of
pooled chicken erythrocyte H1 dissolved in 10 mM sodium
phosphate pH 6.5, 10 mM sodium phosphate pH 6.5 containing
0.6 M NaClO,, 10 mM sodium phosphate pH 6.5 containing 70%
(v/v) acetonitrile and 10 mM sodium phosphate pH 6.5 containing
0.6 M NaClO, and 70% (v/v) acetonitrile.

ionate in place of phosphate (data not shown).
Thomas and colleagues [52,53] have shown previ-
ously that 1 M NaClO, and 50-65% (v/v) 2,2,2-
trifluoroethanol (TFE) stabilize helices in chicken
H1.

34. Effect of HPLC support pore diameter

The pore size of the PolyCAT A packing had a
significant effect on H1 retention and variant res-
olution. Using gradients that were 2 h long and had
identical slopes, we compared the resolution of H1
variants on PolyCAT A packings prepared using
silicas with average pore diameters of 20, 30, 100
and 400 nm (according to manufacturers specifica-
tions) under CX-HPLC (Fig. 4A-D, 0% (v/v) ace-
tonitrile) and CX-HILIC conditions (Fig. 4E—H, 70%
(v/v) acetonitrile). The overal retention of H1
decreased with increasing support pore diameter
under both CX-HPLC and CX-HILIC conditions. In
aqueous buffer, H1 variants were best resolved on
the 30-nm diameter pore support (Fig. 4B), but this
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Fig. 4. Resolution of H1 variants by CX-HPLC and CX-HILIC on
PolyCAT A supports with different pore diameters. Identical
100-.g samples of pooled chicken erythrocyte H1 were chromato-
graphed on PolyCAT A packings with (A and E) 20, (B and F)
30, (C and G) 100 and (D and H) 400-nm diameter pores.
Two-hour linear gradients were employed (A—-D) from 400 to 600
mM NaClO, in 10 mM sodium phosphate pH 6.5 or (E—-H) from
500 to 700 mM NaClO, in 10 mM propionic acid pH 6.5
containing 70% (v/v) acetonitrile. All other conditions were as in
Fig. 1.

was inferior to the resolution achieved with any of
the four different pore diameter supports using CX-
HILIC conditions (Fig. 4E—H). Under the conditions
employed in this comparison, similar numbers of
variants were resolved by CX-HILIC on the 100 and
400 nm diameter pore packings (Fig. 4G and H), but
the degree of resolution of some components was
greater on the 100-nm diameter pore support. Addi-
tionally, careful comparison of the numbers, shapes
and spacing of the peaks resolved on the various
supports suggested the possibility that different sets
of variants were resolved on the 30-nm and 100-nm
diameter pore supports (Fig. 4F and G).

3.5. Optimized resolution of H1 variants by CX-
HILIC

Optimized CX-HILIC separations of total H1 from
pooled blood on PolyCAT A packings with 30 or

100 nm diameter pores are shown in Fig. 5A and B,
respectively. We found that doubling the gradient
time relative to that used in Fig. 4 (i.e., increase the
concentration of NaClO, by 200 mM linearly over 4
h) provided the greatest resolution of H1 variants on
both supports. Under these conditions, the resolution
of variants appeared to be similar on both columns:
11 and 12 major peaks were resolved on the 30 and
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Fig. 5. Optimized resolution of H1 variants by CX-HILIC on 30
and 100-nm diameter pore PolyCAT A. Identical 100-p.g samples
of pooled chicken erythrocyte H1 were chromatographed on
PolyCAT A supports with (A) 30 and (B) 100-nm diameter pores.
Four-hour linear gradients from (A) 460 to 660 mM NaClO, and
(B) 420 to 620 mM NaClO, in 10 mM propionic acid pH 6.5
containing 70% (v/v) acetonitrile were used. All other conditions
were as in Fig. 1. Peaks are numbered according to order of
elution, the same numbering is used for the AU-PAGE analysis
shown in Fig. 6. The differences in resolution between the two
supports were confirmed by rechromatography and PAGE analy-
ses. Horizontal bars indicate minor components confirmed to be
H1 variants by PAGE that are not characterized here.
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100 nm diameter pore supports, respectively. How-
ever, electrophoretic analyses, and analyses of peaks
resolved on one support by rechromatography on the
other, revealed differences in the resolution of par-
ticular H1 variants on the two supports. These
differences are annotated in the peak numbering used
in Fig. 5. H1 variants 1 and 2, variants 7 and 8, and
variants 12 and 13, comprising the first, sixth and
tenth major peaks, respectively, to elute from the
30-nm diameter pore support, were resolved on the
100-nm diameter pore support. Conversely, variants
4 and 5, and variants 8 and 9, which comprised the
fourth and seventh major peaks, respectively, to elute
from the 100-nm diameter pore support were re-
solved on the 30-nm diameter pore support. Addi-
tionally, severa minor H1 variants (indicated by the
horizontal bars) appeared to be better resolved on the
30-nm pore support.

3.6. |dentification of H1 variants resolved by CX-
HILIC

Conventional SDS-PAGE resolves only two bands
for chicken erythrocyte H1. However, eectropho-
resis in long gels containing acetic acid and urea
(AU-PAGE) resolves six bands, a, &, b, c, ¢’ and d,

that have been shown to correspond to the six H1
genes characterized in chicken erythrocytes [40]. To
identify the major variants resolved by CX-HILIC,
we separated total H1 from pooled blood on 100-nm
diameter pore PolyCAT A as in Fig. 5, and then
resolved variants 4 and 5, and variants 8 and 9,
which comprised the fourth and seventh peaks,
respectively, from this initial step by CX-HILIC on
30-nm diameter pore PolyCAT A. As shown in Fig.
6, each variant separated by this procedure (desig-
nated by the same numbers used in Fig. 5) corres-
ponded to one of the six bands comprising total H1
(lanes S) in AU-PAGE. The apparent identity of each
PolyCAT A peak according to AU-PAGE mohbility is
listed in Table 1. Remarkably, multiple forms of
Hla, Hlb and H1lc were resolved by CX-HILIC.
Peaks 1 through 4 al migrated equivalently to H1b,
peaks 7, 9, 10 and 12 migrated equivaently to Hla
and peaks 5, 6 and 8 migrated equivalently to Hlc
(Fig. 6 and Table 1). Of the three forms of Hlc
(lanes 5, 6 and 8 in Fig. 6), two coeluted with forms
of H1b and H1la (i.e., variants 4 and 9, respectively),
in the fourth and seventh peaks to elute from 100-nm
diameter pore PolyCAT A (Fig. 5). AU-PAGE
analyses of the late-eluting minor components (bars
in Fig. 5) suggested that additional forms of Hla

-
O‘....

Q...'O La .,
' B _ic'

S 1

2 3 4 5 6 7 S 8 9 10 1112 1314 S

Fig. 6. AU-PAGE identification of H1 variants resolved by CX-HILIC. Pooled erythrocyte H1 was chromatographed on 100-nm pore
diameter PolyCAT A asin Fig. 5B. The 4+5 and 8+9 variant peaks were subsequently chromatographed on 30 nm pore PolyCAT A asin
Fig. 5A. H1 variants were recovered by TCA precipitation and analysed by AU-PAGE and silver staining. Gel lane numbering corresponds
to the peak numbers used in Fig. 5. Siis the pooled erythrocyte H1 starting material. The six bands resolved by AU-PAGE for the starting
material are labeled according to the nomenclature used previoudly to identify the six known chicken H1 gene products [40].
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Table 1
Assumed properties of chicken erythrocyte H1 variants based on
their gene sequences

HILIC-CXC AU-PAGE Predicted Predicted
peak® variant” net charge length®
(pH 6.5)°
1 b +59 223
2 b +59 223
3 b +59 223
4 b +59 223
5 c +59 219
6 c +59 219
7 a +59 224
8 c +59 219
9 a +59 224
10 a +59 224
11 a +58 218
12 a +59 224
13 c +59 218
14 d +60 217

®Peaks are numbered according to elution order in Fig. 5.

® Nomenclature based on mobility in AU-PAGE [40] as shown
in Fig. 6.

° Derived from the gene sequences [39] assuming free amino-
and carboxyl-termini and assigning +1 for all lysine and arginine
residues and —1 for al aspartic acid and glutamic acid residues.

and H1d were also present in total H1 from pooled
blood (data not shown).

3.7. Evidence for allelic polymorphism of chicken
H1

The resolution of more than six H1 variants from
extracts of pooled blood by CX-HILIC was un-
expected and led us to examine whether post-transla-
tional modifications of H1 were involved. Glycosyla-
tion, phosphorylation and poly(ADP-ribosylation)
did not appear to be involved because treatment of
pooled total H1 with glycopeptidase F, alkaline
phosphatase or dilute sodium hydroxide prior to
chromatography did not alter the AU-PAGE and
CX-HILIC profiles of total H1 from pooled blood
(data not shown). None of the heterogeneity ap-
peared to be attributable to acid extraction since the
AU-PAGE and CX-HILIC profiles of total H1 pre-
pared by sat extraction were identica to those
prepared by acidic extraction (data not shown).
Analyses of histone phosphorylation and acetylation
have revealed that AU-PAGE can resolve modified
forms differing by one unit of net charge [16,54].

Thus, the observation that the multiple forms of H1la,
H1b and Hlc resolved by CX-HILIC had identical
mobilities in AU-PAGE confirmed that these forms
were not differentially acetylated or phosphorylated.
Moreover, AU-PAGE analyses appear to be sensitive
to small differences in molecular size [16,19], in-
dicating that these multiple forms were most likely to
be distinguished by variations in amino acid se-
guence or small post-tranglational modifications that
did not significantly affect the net charge and size of
the molecules under the conditions employed for
AU-PAGE.

The total H1 used to develop the CX-HILIC
method was prepared from blood pooled from many
chickens, so we examined the possibility that a-
lomorphic forms of H1 were present in this sample.
Comparisons of CX-HILIC profiles of H1 from the
blood of single chickens with that of the pooled
sample suggested that allelic polymorphism was
responsible for the multiple forms of H1la, H1b and
Hlc in the pooled sample. Fig. 7 shows a typical
comparison using 100 nm diameter pore PolyCAT
A. AU-PAGE and rechromatography experiments
(individual variants recovered from the single sample
were rechromatographed after mixing with aliquots
of the pooled sample) were used to confirm variant
identifications. The putative alomorphs of Hla
(variants 9 and 12), H1b (variants 1, 2 and 3) and
H1c (variant 5) were not detected in the blood of this
chicken (Fig. 7A). Excluding late-eluting minor
species that were not characterized, the H1 set of this
bird consisted of two forms of Hla (variants 7 and
10), one form of H1a' (variant 11), one form of H1b
(variant 4), two forms of H1c (variants 6 and 8), one
form of Hlc' (variant 13) and one form of H1d
(variant 14).

4. Discussion

4.1. Resolution of H1 variants by CX-HILIC
compared to other methods

Species-specific and tissue-specific heterogeneity
of H1 wasfirst discovered using Bio-Rex 70 chroma-
tography [15,55-57]. However, compared to the CX-
HILIC method presented here, Bio-Rex 70 chroma-
tography is time-consuming and less able to resolve
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Fig. 7. Comparison of the CX-HILIC profile of erythrocyte H1
from a single chicken with that of H1 from pooled erythrocytes.
Approximately 100-pg of erythrocyte H1 from (A) a single
chicken and (B) 100-p.g of pooled erythrocyte H1 were chromato-
graphed on the same PolyCAT A column (100-nm diameter pores)
using a 4-h linear gradient from 380 to 590 mM NaClO, in 10
mM propionic acid pH 6.5 containing 70% (v/v) acetonitrile. All
other conditions were as in Fig. 1. Only the central portion of the
chromatograms, aligned according to peak identification by PAGE
and rechromatography of individua peaks following mixing with
the heterologous sample, are shown.

chicken H1 variants. Only five components were
resolved for H1 extracted from pooled chicken
erythrocytes (i.e. similar to that employed here) in
Bio-Rex 70 fractionations lasting 6 or 20 days
[57,58]. Furthermore, guanidine hydrochloride, the
gradient-forming material typically employed in
histone fractionations on Bio-Rex 70, absorbs light
strongly at wavelengths less than 280 nm, limiting
the sensitivity of protein detection. Adaptation of the
Bio-Rex 70 methodology for use with a Mono S

column permitted four components of chicken eryth-
rocyte H1 to be resolved within 30 min [40]. The
CX-HILIC method described here separated all six
of the chicken H1 variants described previously and
resolved what appear to be alelic forms of at least
three variants. In total, 14 major and several minor
components were resolved during a 4-h fractionation
of pooled erythrocyte H1. The buffers are compatible
with UV detection at 214 nm, and we routinely
obtained chromatograms with 14 major peaks from
as little as 20 wg of pooled total erythrocyte H1
injected on an analytical (4.6 mm 1.D.X200 mm)
column. This sensitivity can be enhanced by using
smaller format columns (i.e. 2.1 mm [.D.X100 mm)
with only a dlight loss in resolution (data not shown).
Comparison of published reports suggests that the
efficacy of RP-HPLC for resolving H1 variants may
be species-dependent. Mouse [26,29,34-36], rat
[25,31-33] and human H1 [30] have been resolved
into four or more components (excluding H1°) by
different RP-HPLC methods. However, calf thymus
H1 manifesting six components in Bio-Rex 70
chromatography [12,59], was resolved into only two
[27,28] or three [24] components by RP-HPLC.
Similarly, and in agreement with the data shown here
(Fig. 1), chicken H1 eluted as a single peak in an
optimized RP-HPL C method that resolved two forms
of the related linker histone H5 [23]. Taken together,
these observations suggest that RP-HPLC is unable
to resolve H1 variants of some species, possibly
those in which amino acid sequences are most highly
conserved between variants. CX-HILIC clearly pro-
vides greater resolution of chicken H1 than RP-
HPLC. We have found that with appropriate adjust-
ment of the acetonitrile and sodium perchlorate
concentrations employed, the method resolves great-
e numbers of H1 variants than RP-HPLC for
human, mouse and rat samples (data not shown).
Recently, Lindner and colleagues have demon-
strated the efficacy of RP-HPLC in combination with
a HILIC-based method to separate acetylated forms
of histones H2A and H4 [47], and phosphorylated
forms of H1 [38]. Using RP-HPLC, these authors
resolved two fractions for H1 from cultured human
cells, one that appeared to be a single variant and a
second containing several variants. Subsequent anal-
ysis of the first fraction by HILIC on a PolyCAT A
column at pH 3.0 resolved several phosphorylated
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forms of the purified H1 variant [38]. lonization of
the PolyCAT A support is suppressed under these
conditions, suggesting that ionic interactions do not
contribute to the separation of phosphorylated forms
of H1 in this case. We have found that the resolution
of H1 variants from chicken, human, mouse and
other species by CX-HILIC on PolyCAT A is
greatest when performed at pH 6.5 as described here
and surpasses that achieved by RP-HPLC. It would
be of interest to investigate whether CX-HILIC
alone, or in combination with the HILIC method
described by Lindner and colleagues, is capable of
resolving complete sets of H1 variants and their
phosphorylated forms.

4.2. CX-HILIC resolves allelic variants of H1

The presence of variants, not detected in CX-
HILIC profiles of H1 from individual birds, in the
CX-HILIC profile of H1 from the pooled blood
sample (Fig. 7), strongly suggested that alelic
variants of Hla, b and ¢ were present in the pooled
sample. Allelic variation in a histone was first
demonstrated with the partial resolution on Bio-Rex
70 of two chicken H5 variants differing by a single
amino acid substitution (Gln to Arg) [60], and it has
been suggested that polymorphisms encountered
during the sequencing of Bio-Rex 70 fractions of calf
and rabbit H1 were due to alelic variation [12].
Systematic analyses of allelic variation in linker
histones have been described in salmon [61], rabbits
[62], Xenopus [63] mice [64] and several avian
species [65—70]. In these reports, allomorphs were
detected according to altered mobilities in SDS-
PAGE or AU-PAGE, so only allomorphs sufficiently
different in size and/or net charge were resolved.
Thus, the putative alomorphs resolved by CX-
HILIC (Figs. 5 and 6) represent a class of H1
variants which has not been described previously.
The number and apparent abundance of these puta-
tive allomorphs suggest that allelic variants of H1
which are not resolved by electrophoretic methods
are common in chickens. The detection, by mass
spectroscopy, of microheterogeneity in electropho-
retically homogenous fractions of mouse and bovine
H1 prepared by RP-HPLC [36,71], is consistent with
the occurrence of similar H1 sequence variation in
these species.

4.3 Factors in the separation of H1 variants by
CH-HILIC

The six known gene-derived chicken H1 protein
sequences are shown aligned for maximum homol-
ogy in Fig. 8. The sequences of these proteins are
highly conserved and virtually all of the sequence
variation occurs in the amino- and carboxyl-terminal
domains. Non-conservative changes in ionizable
residues are found at only five places in the entire
sequence collection, corresponding to residues 10,
15, 119, 183 and 224 of the Hla sequence. Conse-
quently, at the nearly neutral pH usually employed
for cation-exchange chromatography of H1 (e.g. pH
6.5 in this report), these six proteins comprise only
three values of predicted net charge, +58, +59 and
+60 (Table 1). Although H1la, H1lb, Hlc and Hic’
differ dlightly in size (224, 223, 219 and 218
residues, respectively, Table 1), they are predicted to
have identical net charge at pH 6.5 (+59, Table 1).
Because the positions of almost all of the ionizable
residues are equivaent in these proteins (Fig. 8), and
because the overall order of elution of the H1
variants in CX-HILIC does not correlate with their
predicted net charge (Table 1), it seems unlikely that
these four proteins were resolved on the basis of
electrostatic interactions alone. Similar considera-
tions apply to the separation of the putative al-
lomorphs of H1la, H1b and Hlc, suggesting that the
resolution of both the non-alelic and the putative
alelic variants of chicken H1 on PolyCAT A (Figs.
5 and 7) involved a complex mechanism.

We suggest that both electrostatic and hydrophilic
interactions contribute to the resolution of H1 var-
iants on PolyCAT A. As shown in Fig. 2, increasing
levels of acetonitrile resulted in a biphasic curve for
H1 retention. The reduction in retention between O
and 40% (v/v) acetonitrile is probably not due solely
to suppression of hydrophobic interactions, since less
than 15% (v/v) acetonitrile was required to suppress
such interactions between peptides and a similar
gtationary phase [72]. An increase in «-helica
structure may also have contributed to the decreased
retention of chicken H1 at 40% (v/v) acetonitrile but
we have not confirmed this experimentally. Chicken
H1 possessed considerable a-helical content under
CX-HILIC conditions (e.g. 70% CH,CN+0.6 M
NaClO,, Fig. 3), consistent with reports that TFE or
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Amino-terminal domain
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Fig. 8. Chicken H1 gene-derived protein sequences. The predicted protein sequences reported previously [39] are shown aligned for
maximum homology. Stars indicate residues identical to the Hla sequence, gaps introduced for alignment are indicated by hyphens. The
predicted protein lengths are indicated at the end of each sequence. The approximate boundaries of the conserved globular domain are
indicated by the filled arrowheads.



C.A. Mizzen et al. / J. Chromatogr. B 744 (2000) 33—-46

NaClO, promote folding of the basic carboxyl
terminal domain of H1 [53]. Even though retention
of such an ordered structure by electrostatic interac-
tions is expected to decrease because some of the
basic residues formerly accessible to the stationary
phase would be oriented away from it, these effects
appear to have been overshadowed by increases in
hydrophilic interaction since H1 retention was great-
er in 70% (v/v) CH,CN than in buffer containing
less CH,CN (Fig. 2).

4.4. Application of HILIC methodologies to other
proteins

Organic solvent concentrations in excess of 50%
(v/v) are typicaly required for the retention of
peptides and proteins via hydrophilic interactions on
PolyCAT A and related supports [43,45,46]. Al-
though limited solubility in common chromatograph-
ic solvents may preclude the use of HILIC-based
methods for some proteins, selection of the most
appropriate solvent(s) and pH may aleviate this
constraint in some instances. We found that methanol
promoted retention of chicken H1 by hydrophilic
interactions and enabled separations of variants
similar to those obtained with acetonitrile (data not
shown). The efficacy of buffers containing 1-pro-
panol for the recovery of diverse proteins from
SDS-PAGE dlectroeluates by HILIC has been de-
scribed [46]. Strong protein solvents such as di-
methyl sulfoxide, formamide and ethylene glycol
have been used at 100% strength in protein chroma-
tography [73,74] and their use may facilitate HILIC-
type chromatography of many proteins. The data
presented here demonstrate that CX-HILIC is sensi-
tive to small differences in H1 variant composition
and suggest that HIL1C-based methodologies may be
suitable for analyses of protein polymorphism in
general.
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