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HIGH-PERFORMANCE CAPILLARY ELECTROPI IOR.ESIS OF }IISTONES

L. R. Gurley, J, E. London, and J. G. Valdez

Los Akunos National Laboratory
Life Sciences I)lvision, Mail Stop M880

Ims Alamos, NM 87545

Abst.rac~

A htgh performance capillary electrophoresis (HPCE) system has been
developed for the fractionation of histories. This system involves
electrolnjectlon of the sample and electrophoresis in a 0, 1M phosphate
buffer at pH 2.5 in a 50 ~m x. S5 cm coated capillary, Electrophoresis was

accomplished In 9 minutes separating a whole hlstone preparation into Its
components in the following order of decreasing mobility: (MHP) H3, H 1
(major variant). H1 (minor variant], (LHP) H3, (MHP) F12A(major variant),
(LHP) H2A, H4, H2B, (MHP) H2A (minor variant) where MHP is the more
hydrophobic component and LHP IS the less hydrophobic component, This
order of separation IS very different from that found in acid-urea
pdyacry]amide gel electrophoresis and in reversed-phase HPLC and, lhtls,
brings the histone biochemist a new dimension for the qualitative analysis O(
hktone samples.



The sepmation of h.istones by zone electrophoresis in a starch gel matrix
was first introduced b-) Neelln and Connell over 30 years ago [1]. Since that
time, the gel electrophoresk of Mstones, particularly in polyacrylamide gels,
has been widely practiced [2- 12] because it is inexpensive to implement and
simple to operate [13]. On the other hand, the gel preparation is tedious,
the electrophoresis k time-consuming, and quantification involves staining,
dest~ning, and scanntng densitometry which k labor-intensive, time-
consuming, and sernIquantitatlve [ 13],

The advent of high-performance capillary electrophoresis (HPCE) [ 14. 15]
potentially offers a new opportunity to raise the electrophoretic
fractionation and analysis of histones to a performance level superior to that
of gel electrophoresis. The advantages of HPCE should include high
resolution, rapid analysis time, on-line detection, and computer-based
cym.ntiflcation. Most importantly, HPCE has the potent&d for analysis of very
small samples in the femtomole range [15]. In our laboratory, the ability to
perfom~ analysis on such small samples is attractive because It would
facilitate the analysis of histones from the small numbers of cells acquired b~’
flow cytometry cell sorting, For these reasons, we have initiated a program
to develop HPCE methods to fractionate nucleoproteins. This report
describes the development of the separation of histones by zone
elect wphoresis in free solution using low pH buffers in coated siiira
capikmrles.

Der~enta,l

Cell Cu tures and k stone PreDaI :i ration

Chinese hamster cells (line CHO) were grown exponentially in suspension
culture as described by Tobey et al. [161. Chromatin was prepilrrd from
whole-cell homogenates as described by Gurlcv et al. [17]. IIistoncs wcm
extracted from the chromatin with 0.4N sulfuric acid, rccovercd t)y acrlo]lr
prccipitatlon, and stored as a Iyophilixcd powder at -70°C unlil u~cd fur
lIPCIZ !17].

To prepare purified histcmes for HPLC, 3 x 108 nuc]ci were prepared i“roll]
CIIO cells USIIIM t.hc detergents Nonidct 1’-40 and soditlrn d~oxy~t)olilt~” in
hypotonlc solution as descrlbrd by Gurky, ct al [ 18], The nur]ci wcrr th(*II
dissolved for two hours in 1 ml of rcagrnt twntaining 6M guanidirw”l lC 1,
0.2% “ITA, 0. 155M NaCl, 0.026 M lIC 1, find 0.025°/0dithiotl~riotol mwrdiilg
to the method of Jackson and Gurlcy [ 19]. Undissolved rcsidunl nlwlci wrr(I
scdimcl~tc:clby ccntrifugatltm at 8000 x g for 10 Inlnulrs. Thr s~lp~rt~ilf:ll][
fltJid containing solubk 13NAund protein-, wus dcrantrd into 9 ml o! i l~t~



H20/0.2% TFA containing the first decantate. The DNA in the solution was
precipitated overnight at 4“c due to the acid conditions of the solution. The
DNA was sedimented by centrifugation at 8000 x g for two hours. The 11 ml
of supematant fluid, containing the total complement of proteins from the
cell nuclei, was stored at -70°C. When used for I-IPLC this solutlon was
thawed and centrifuged again for two hours at 8000 x g to remove any
residual DNA clouding the sample.

The guantdtne-soluble DNA, salts and other chemical reagents In the
dissolved nuclei samples were separated from the nuclear proteins by size
exclusion HPLC. Th.tswas accomplished as described by Jackscm and Gurley
[19] using a Waters HPLC system equipped with a BIooSil TSK guard column
followed by a BiooSiI TSK size exclusion column (BloORad Laboratories). The
sample was injected into the guard column and was eluted through the t~v[>
columns with H20/0,20/0TFA at a flow rate of 0.5 ml/mln. The guard

column adsorbed any soluble DNA remaining in the sample and the prctcins
were separated from the salts and other chemical reagents by size exclusion
on the BIO.SI1 TSK column [ 19]. The effluent protein fract~on was eilher
Iyophllized to a dry powder and stored at -70°C for future use or it was
Injected directly into an HPLC reversed-phase pBondapak CN column
(waters Associates) 620] which adsorbed the protetns on the top of the
column [21].

The histone proteins were fractionated and purified by rawrsed-phase
HPLC orI the pBondapak CN column using an acetonltrile gradient clu(]on
cont~nlng 0.2% TFA as described by C~urleyet.al, [22]. This column
fractionated the histories Into t-lie five basic types: H 1, 112A,H2t3, H3, and
H4; and the H2A and H3 histories were subfrnctionatcd into two ~’arlants of
each, the less hydrophobic (1.HP) H2A and (1.HP) ~13and the mom
hydrophobic (MHP) H2A and {MIIP) H3 [20 22;. Each of tliese seven
~ndlvidual hlstone fractions were collected ‘md cit.her Iyophllized to dryness
or evaporated to dryness while centril’uging in a vacuum chnmtwr (Speed-
Vat) and stored at -70”C [22] until used to identify the Indlvldual hlstollrs
fractionated by IWCE,

I IPCE was performed using a ModcI II PE- 100 }Iigh Pcritirmancc
elcctrophorcsls system rnanufacturcd by 13ioORadLinboraiorlcs, I<lctlmond,
CA. Experiments were performed using 20 cm x 25 pm, 35 cm x 50 Ill!],
and 50 cm x 50 pm capillary tubes whose Inside surfams wrrc ~tl(*I~~i(’i~ll~
modlflcd to produce a patented hydrophilic coating. Coatlllgs 01’this n:ll LII(’
have lmcn reported by several laboratories to elimlrmtc clcctrorr~dooslllosl,~
and protetn adsorption [23-251. Cathock, anode, and rapll]:lry i)[lff(irs wrr(I

0, lM wxiiun] phosphate. pl I 2,5 (BlooRmi Luboratorlps) I,lnlrss ot}wrwlsr
spcclflccl. Dctrction of the sep:irulc[i proteims trtivrrsitlg (III: (si~~)lll;ll~ W:IS
nccompllshrd by In-tube nmnltorinu of the pcptidc lm~id i~t)sorlx~llr~’ni 200”



nm with a spectrophotometer setting of 0.005 absorbance units full scale.
To evaluate the performance of this instrument a standard mixture of nirle
polypeptides was subjected to electrophoresis, This mixture contained
bradykinin, angiotenstn H, = MSH, TRH, LHRH, (2-5) leucine enkephalin,
bombesin, methionine enkephatin, and o~ocin (Bio@Rad Laboratories).

Samples were prepared for HPCE by dissolving lyophilized histone powder
in water containing 0.2?4 TFA at a concentration of 0.1 pg/pl. Poly-L-lysine
hydrobromide, Type VI, 13,000 molecular weight (Sigma Chemical Co.) was
addeci to some of these solutions at a concentration of 0.05 ~g/pl to serve as
an internal mobility marker during elect.mphoresis. These samples were
loaded into the capillaries by electroinjection [26]. To accomplish this. the
cathode chamber and capillary were filled with 0.1M phosphate buffer and
the anode chamber was filled with water. Then 5pl of sample was injected
into the loading chamber at the anode end between the capillary and the
water. Power was applied to the capillary at 10 kV (constant voltage) and
-38 Uamps for 10 seconds. This actively carries the caLons (inclding the
positively charged protonated proteins) into the capillary, L~nder these low
ionic strength sample cor!ditions, the proteins are concentrated and
stacked in the capillary during this loading step [27], The excess sample in
the loading chamber and the water in the anode chamber were then
replaced with O.1 M phosphate buffer and electrophoresis was performed by
applying power to the capillary at 10 kV [constant voltage) and -41 pamps.
Electi-ophoresis normally took 10 minutes using the 35 cm x 50 lLm coated
capillary.

The performance of the TIPE- 100 High Performance Electrophoresis
instrument is typically evaluated by subjecting a mixture of nine
pcdypeptides to zone electrophoresis in a 20 cm x 25 pm coated capillary
using a 0, lM phosphate buffer at lIH 2,5, In our laboratory repetitive
electrophoresis o! this standard produced fractions whose pe{lk-heigllt!;
varied by only 3.OVO(coefficient of variation) and whose nobilities varird by
7.WAO.This high performance led us to choose these operating conditiol]s
for our first attempts to separate hlstones by HPCE. We found that whm
whole histories were dissolved in water containing 0.2°/0TFA (as they arr
when recovered from an HPLC column) ~vc could rlcctroinjcct thcm Into
the capillary In 10 seconds at 10 kV, Electrophoresls at 10 kV produced i~
single peak of unresolved proteins (Figure 1A;. Uy decreasing the
elcctrophoresis voltage (Figure 1, B-F) we found that this singlr peak
contnlrmd the various hlstone frnctions which had .nobilitirs ranging over six
mlnut(!s at 1 kV (Figure 1.F), but they could not lx rcsolwxi ur~der these
conditions.



the electrophoresis buffer. Preliminary experiments indicated that when
NaCl concentrations greater than 0. i 2M was used, the electrophoresis was
inhibited due to the elevated conductivity of the buffer. However, when
O.12M NaCl was used, histone electrophoresis was accomplished (Figure 1,
G-1). Histone resolution at 4 kV was better in the presence of O.12M NaCl
(Figure lH) than it was without NaCl (Figure lD). However, it was not
adequate for analytical use.

EO cm x 50 ILmCap. illar-y

Another possible cause for the poor resolution might be protein interactions
with the capillary walls. TO reduce the magnitude of this effect we
performed the electrophoresis in a larger diameter capillary having the
dimensions of 50 ~lm x 50 cm long. After electroinjection at 10 kV, the
histones were subjected to electrophoresis at four different voltages ranging
from 4-10 kV (Figure 2, A-D). We found that the resolution of the histones
was far superior in this 50 pm capilla~ [Figure 2D) when compared to the
same operating conditions in the 25 ~m capillary (Figure 1A). Reducing the
electrophoresis voltage from 10 kV to 6 kV (Figure 2B) appears to improve
this resolution. However, close inspection indicates that while the peaks
are spread further apart at 6 kV, the longer electrophoresis time permitted
diffusion to spread the bands so that no significant increase in resolution
was accomplished.

?T~-I,Clwas added to the electrophoresis buffer in the 50 ~rn x 50 cm
capillary. There was some small increase in the resolution when the NaCl
concentration was increased from O M to O.12 M (Figllre 3, A-D), The most
noticeable effect of NaCl was on the largest fraction whjc:h was latter
identified as H2B. When the elcctrophoresis voltage was reduced from 10
kV to 7 kV In the presence of 0.12 M NaCl, the H2B peaK was observed to
undergo partial resolution into more fracUons (Figure 3, E-H).
Unfortunately, the longer electrophuresis time tit 7 kV permits too much
band broadening due to diffusion thus destroying the overall resolution of
the whole sample (Figure 3H).

Since diffusion appeared to be a significant factor in the degradation of the
Amtropherogram, wc used a shorter capillary (35 cm long x 50 pm
diameter) to reduce the time of the run. With the shorter capillary, t.hc
hfstones migration took less than clght minutes at 10 kV (Figure 413)whilr
with the 50 cm capjllary they took 15-17 minutes (Figure 4A). Under thrsc
conditions, It was necessary to increase the chart recorder speed i“rom 1
cm/min to 3 crn/min (Figure 4C) or 6 cm/mtn (Figure 4D) jn order to
adequately visualize the resolution of histories which passed dIc detector
between seven and eight. minutes. This capiliary size appeared to give the
best resolution of the three examined, so we moved on to investigate other
operational parameters in this capillary.



pll of the F2ectroDhoresis Buffer

All the pre-.tious experiments were performed at pH 2.5. To determine if
this pH was the optimum condition for resolving the histories, the pH was
varied in the 35 cm x 50 pm capillary from pH 2.0 to pH 5.0 (Figure 5). We
found that histones ran the fastest at pH 2.0 (Figure 5A) and the slowest at
pH 3.5 (Figure 5E). The best resolution was obtained at pH 2.5 (Figure 5F3).
Higher pH runs produced greater overlapping fractions and above pi-l 3.5
the electropherogram became a broad unresolved smear. Thus, pH 2.5
appears to be the optimum condition for this set of proteins.

Our first attempt to identifj the individual histone fractims in the
electropherograrns was made while using the 50 cm x 50 ym capillary.
Purified histone fractions (H 1, H2A, H2B, H3, and H4) were obtained from
CHO nuclei by HPLC (Figure 6A). Each of these five fractions were subjected
to electrophoresis at pH 2,5 (Figure 6, C-G) md compared to a whcle
histone preparation (Figure 6B) and a 0.2V0TFA/H20 blank, the solvent in
which the samples were dissolved (Figure 6H). The fractions were found to
be pure by HPCE, H 1 and H2B migrating as a single peak, H2A migrating as
four variants which are known to exist for this histone, bistone H4
migrating as a single peak with a presumptive acetylated form following it,
and H3 migrating as a single peak with its presumptive acetylated form
following it. The fractions had migration times varying 1,~m 16 to 20
minutes (Figure 6, C-G). The whole histones had migration times from 17
to 20 minutes. We pointed out at the beginning of this paper that there was
a 7,20/0variability in the mobility of standards. This variability made it
impossible to use the mobility of the individual histone fractions to identify
the histone fractions in the whole histone electropherogxam in Figure 613.

In some experiments polylysine was added to s.~mFles as an internal
standard in the hope that this mobdity varjat.ion could be normalized as a
ratio of the mobility of the fractions to that of polylysine (Figure 4D),
However, this did not reduce the variability sufficiently to provide
unequivocal assignments based on the indlvtdual fraction nobilities.

This problem was overcome by adding individual histone fractions to the
whole histone sample (a method called “spiking”). Seven individual histon~’
fractions were isolated by HPLC (Figure ‘?AJ. Each of these fractions was
mixed with a separate sample of whole histone containing polylysine and
loaded into a 35 cm x 50 pm capillary for 10 seconds at 10 kV. The
samples were then subjected to electrophoresis at 10 kV for 10 minutes.
Each faction In the electropherogram of the whole Mstonc sample was then
located by the increase in the fraction’s peak height [Flg[lrc 7, B-I{). From
these data the order of mobility of each histone fraction was dekmnincd
(Figu~e 8). From the fastest to the slowest, they are: (MI 11])113,111(nl:ljor
variant), H 1 (minor variant), (LIIP) H3, (MI II”)) H2A (major variant). (JJ11))
H2A, H4. H2B, (MHP) H2A (minor variant). LJndcr these conditions all fh[I



fractions move past the detector in a time span of one minute. lWo
unide.ntifled fractions are detectable in the whole histcme
electropherogs-am, one between the (LHP) H2A and H4 and one betwee~
H4 and H2B (Figure 8). The whole histone preparations also contain a
cluster of unidentified high mobility minor components which precede

the

he
histones at seven minutes and a cluster of unid&tified low mob~litv minor
components which follow the H2B at eight mfnutes (Figure 8)1- ‘4

DisQlssio~

The experiments reported in this paper outline the development of the first
application of HPCE to histone analysis. The optimum conditions that we
have found to date involve sample electroinjection for 10 seconds at 10 kV
and electrophoresis at 10 kV under acid conditions at pH 2.5 in 0.1 M
phosphate buffer in a 50 ~m x 35 cm coated capillary. Some of the criteria
for high performance are met by this system. Small sample volumes (5 v1)
can be used and electrophoresis is accomplished in a short time (9
minutes). In-capillary detection by UV absorption at 200 nm is possible
provided the sample is concentrated enough (0,1 ~g/yl). This permits the
use of computers to perform on-line data analysis of the electropherograr ns.
This procedure also fulfills our need to be able to perform analysis on the
histones from a small number of cells, such as those acquired by flow
cytometxy cell sorting. ‘For example, a 5gl sample at O.1 yg/~1 is the amount
of histones we can obtain from 55,000 CHO cells.

The order in which the histone fractions migrate in 13PCEis very different
from that found in acid-urea polyamylamide gel electrophoresis (8, 12) or in
reversed-phase HPLC (Figures 4A, 5A). For this reason, HPCE brings the
histone biochemist a new dimension for the qualitative analysis of histone
samples. It also provides a quick method of quality control for evaluating
the purity of isolated individual hist.one fractions. For example, we
demonstrated that histone fractions isolated by reversed-phase HPLC were
quite pure (Figure 6).

The apparent greater amount of H2B compared to the other histone
fractio~~s (Figure 8) may reflect heterogeneity in that band. When we added
0.12 M NaCl to the electrophoresis buffer and dropped the voltagfi to 7 kV
this fraction broadened and appeared to develop a slower moving
component as a trajling shoulder (Figure 3H). Further work will be requirvd
to determine what this extra component is, Also two other unknown
components were observed in whole histone preparations, one preceding
H4 and one following H4, These also need to be identified. Since they arc
readily separated by HPCE, we wtll bc able to use this md-md as an ass:ly fm-
them. This will enable us to search chrornatograrns for their presence and
then verify their purity during isolation,

The system has two problems that need to be dealt with further; that of
namowly spaced tmndc,and broadly diffused bands. These problems arc rwt
restricted to the HPCE of histories, for we have encountered them with thv



HPCEofplasrna proteins as well. !3ncewe donot encounter these
-.~.—{m.+ UDflTT -- -— -b~problems whefi pcL M . ...1.5.1. GM UH SIIldJI peptide stai-xiards, ‘&ley zppear

to be problems associated strictly with macromolecular proteins. These
problems interfere most seriously during quantitative analysis. For example,
at the beginning of the Results Section we pointed out that we could obtain
peak heights that varied only 3.0% using small peptide standards. This high
precision has not been obtainable for histones or other proteins, however.

To improve the HPCE of histones. a system needs to be found that will
separate the bands further apart in a shorter time. At present, all the
histone fractions pass the detector in the time-span of one mhrute. ‘Rre use
of longer capillaries did not increase their resolution because it also
increased the time taken to traverse the capillary thus broadening the bands
due to diffusion. However, the close bands would not be such a problem if
the protein bands were narrow like those of small peptides. Thus, the most
serious problem to solve is that of band boadening.

It may be that the broader protein bands result from incomplete stacking of
the proteins during the electroinjection step. It has been suggested that
protein-protein interactions may cause such an interference. Our
experience with polylysine argues against this reasoning, however. We found
that polylysirre, having a molecular weight of 13,000, produced a broad band
like a protein (Figure 8). We would not expect this highly-positively charged
macromolecule to produce significant interrmdecular interactions. An
alternative suggestion is that the hydration shell around the proteins may be
much greater than that around the small peptides thu: preventing the high
degree of concentration from occuring during the stackin fi process. If this
is the case, the HPCE of proteins may have a difficult t.h. producing the
narrow bands observed with peptides and we will be fcmxd to find a system
that produces bands spaced further apart in order to increase resolution.

Although the HPCE of proteins has several shortcomings at this early stage
of development, capillary electrophoresis still offers the potential for further
development into an important high performance analytical system for the
historres. This report lays the groundwork and experience for further
experiments to solve the resolution and quantification problems associated
with the application cf this new technology to protein biochemistry.
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Figure 1. HPCE of whole histories in a 20 cm x 25 pm coated capillary at
various voltages. All samples were electroinjected 10 seconds at 10 kV.
Electrophoresis was performed at 10 kV (A), 8 kV (B), 6 kV (C), 4 kV (D),
2kV (E), aiid 1 kV (F) in O.lM phosph?.te buffer, pH 2.5 (A”F).
Electrophoresis was also performed at 8 kV (G) 4 kV (H), and 2 kV (1) in
the same buffer containing 0.12 M NaCl (G-I). Resolution was monitored at
209 nm with a detector response time of 1 sec and a chart speed of 1
cm/min.
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Figure 2. HPCE of whole histones in a 50 cm x 50 ~rn coated capillary at
various voltages. All samples were electroirgected 10 sec at 10 kV.
Electrophoresis was performed at 4 kV (A), 6 kV (B), 8 kv (C)t and 10 kv
(D) in 0.1 M phosphate buffer, pH 2.5. Resolution was monitored as in
Figure 1.
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Figure 3. HPCE of whole histones in a 50 cm x 50 ym coated capillary at
various NaCl concentrations and at , arious voltages. All samples were
electroinjected 10 sec at 10 kV. Elect rophoresis was performed at 10 kV
(A-D) in 0.1 M phosphate buffer, pH 2.5 containing O M NaCl [A), 0,06 M
NaCl (B), 0.09 M NaCl (C), and C).12 M NaCl (D). Electrophoresis was also
performed in 0.1 M phosphate buffer, pH 2.5 containing 0.12 M NaCl (E-H)
at 10 kV (E), 9 kV (F), 8 kV (G), and 7 kV (H). Resolution was monitored as
in Figure 1.
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Figure4. HPCE of whole histories in a 35 cm x 50 ~m coated capillaxy, A!
samples were electroinjected 10 sec at 10 kV and electrophoresed at 10
kV, A comparison k shown between electrophoresis in a 50 cm x 50 ~m
capillary (A) and a 35 cm x 50 pm capillary (B), Resolt~t.ionwas monitored
as in Figure 1 except that the chart speed of 1 cm/min (B) was increased to
3 cm/min (C), and 6 cm/min (D) In order to facilitate visualization of the
resolution of the closely spaced bands in the 35 cm x 50 pm capillary,
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Figure 5. HPCE of whole histones in a 35 cm x 50 ym coated capillaxy at
various pH values. All samples were electroinjected 10 sec at 10 kV.
Electrophoresis was performed in 0.1 M phosphate buffer at pH 2.0 [Al, pH
2.5 [B), pH 2.75 (C), pH 3.0 (D) and pH 3.5 (E). Resolution was monitored
at a chart speed of 3 cnl/min.
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Figure 6. HPCE of histone fractions in a 50 cm x 50 ~m coated capillary,
The histories of CHC) nuclei were fractionated into the five histone classes
(H 1, H2B, H2A, H4, and H3) by reversed-phase HPLC (A). Mole
unfractiorw+ecl histones (B), H 1 (C), H2B (D), H2A (E], H4 (F), H3 (G). and a
0.2?A0TFA blank solution in which these histones were dissolved (H) were
subjected to HPCE in 0.1 M phosphate buffer, pH 2.5 at 10 kV. Resolution
was monitored as in Figure 2.
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Figure 7. HPCE of whole histones “spiked” with individual histone
fractions using a 35 cm x 50 pm coated capil!ary. The histcmes of CHO
nuclei were fractionated into the five histone classes (H 1, H2B, H2A H4,
and H3) and two variants each of H2A and H3 which are indicated as the
less hydrophobic (LHP) and more hydrophobic (MHPI forms (A). A sample
of each of these fractions was evaporated to dryness and added to a separate
whole histone preparation along with polylysine (an internal standard) and
subjected to HPCE in 0.1 M phosphate buffer, pH 2.5 at 10 kV (B-H).
Resolution was monitored at a chait speed of 6 clil/min. Histone H 1 (B)
H2B (C), LHP-H2A (D), MHP-H2A (E), H4 (F), LHP-H3 (G), and MHp-H3 (H)
were identified in the whole histcme electropherograms by the increase in
the peak height of an individual component.
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Figure 8. &signment to histone fractions to the HPCE electropherograrn of
a whole histone sample. I-IPCE was performed in a 35 cm x 50 pm coated
capillary. TIw sample was dissolved in 0.2V0TFA and electroinjected 10
seconds at 10 kV. Electrophoresis was per~ormed at 10 kV in 0.1 M
phosphate buffer, pH 2.5. Resolution was monitored at 200 nrn with a
detector response time of 1 sec and a chart speed of 6 cm/min. Polylysine
was added to the sample as an internal mobility standard.
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