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ABSTRACT

A method for the efficient and practical large-scale purification of high-mobility group (HMG) non-
histone cllrontosonmi proteins, HMGI and HMG2, from porcine thymus applying Polyhufler-exchanger
PBE94 gel as anion-exchanger has been developed . This method affords higher resolution, purity and yield,
than the conventional procedure of CM-Sephadex C-25 ion-exchange column chromatography . Further-
more, use ui Polybutler-exchanger PBE94 column chromatography led to direct preparation of HMGI
and HMG2 from loosely bound non-histone chromosomal protein fraction of chromatin without pre-
fractional precipitation with trichloroacetic acid or prior extraction with perchloric acid . Thus, the applica-
tion of PBE94 gel as an anion-exchanger to the suhfractionation of other kinds of homologous protein is
possible .

INTRODUCTION

Non-histone chromosomal proteins in eukaryotic chromatin are known to be
implicated in the control of specific gene expression during cell differentiation,
proliferation and development. They are an extremely heterogeneous group of
proteins with respect to their isoelectric points and molecular sizes . Therefore, it
is necessary to purify the various protein components before their intrinsic pro-
perties and functions can be studied.

The high-mobility group (HMG) of non-histone chromosomal proteins is a
group of relatively abundant chromatin-associated proteins present in the most
eukaryotic cells [1-10] . Several procedures have been presented for the purifica-
tion of four major HMG non-histone chromosomal proteins, HMGI, HMG2,
HMG14 and HMG17 [1-12] . In one method, proteins that are loosely bound to
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chromatin were extracted with a low concentration of salt and then fractionally
precipitated with 10% trichloroacetic acid (TCA) [1-4,7-11] . The precipitated
proteins were then separated by ion-exchange column chromatography using a
CM-Sephadex C-25 [1-3,10] or CM-cellulose column [4,8,11] . In another me-
thod, part of the protein was extracted from chromatin with 5% perchloric acid
(PCA) and then fractionated by CM-Sephadex C-25 column chromatography [6] .

As to HMG I and IIMG2, it is necessary to perform rechromatographic proce-
dures, which reduces the yield, because of the highly homologous nature of these
proteins [1,3,5,9,12] and of the characteristics of aggregation of their compo-
nents. In addition, HMG proteins prepared by the above-mentioned methods
might lose their intrinsic properties following treatment with strong acid . To
overcome these problems, we established an efficient and practical purification
method for HMGI and HMG2, using a Polybuffer-exchanger PBE94 for anion-
exchange column chromatography .

EXPERIMENTAL

Materials
Most chemicals were of the purest grade commercially available and were

purchased from Wako (Osaka, Japan) or from Sigma (St . Louis, MO, U .S .A.) .
Polybuffer-exchanger PBE94 was obtained from Pharmacia (Uppsala, Sweden) .

Preparation of chromatin from porcine thymus
The preparation of chromatin from porcine thymus was carried out by the

method described previously [71, with slight modifications . All operations were
performed at 0--d°C . Minced porcine thymus was homogenized in a Waring-
blender with six volumes of standard saline citrate (SSC : 0.14 M NaCl, 10 mM
sodium citrate, pH 7.0) containing 1 mM phenylmethanesulphonyl fluoride
(PMSF) and was then filtered through two layers of gauze . The filtrate was cen-
trifuged at 2000 g for 15 min, and the sediment was then washed five times with
SSC in the same way . 'The precipitate was resuspended in .50 mM Tris-HCI, 3
mM PMSF, pH 7 .6 (3 ml/g fresh weight of porcine thymus), and was then cen-
trifuged at 6000 g for 10 min . Finally, washing was repeated once more in the
same manner .

Extraction of loosely bound non-histone chromosomal proteins
Chromatin was homogenized in 0.35 M NaCl, 1 mM PMSF with a Potter -

Elvehjem PTFE-glass homogenizer and then centrifuged at 5000 g for 20 min .
Extraction was repeated once more in the same manner . The combined superna-
tant was then subjected to further fractionation to obtain HMGI and HMG2 .

Purification of HMGI and HMG2
HMGI and HMG2 were purified from the loosely bound non-histone chro-

mosomal protein fraction by the following two procedures .
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(1) The loosely bound non-histone chromosomal protein fraction was successi-
vely fractionated into 2 and 10% TCA-precipitable fractions according to the
procedures of Goodwin et al. [1] . The 10% TCA-precipitable fraction (50 mg)
was dissolved in 3 ml of 10 mM Tris-HC1 (pH 7 .8) and applied to a Polybuffer-
exchanger PBE94 column (20 cm x 1 .0 cm I.D.), which was pre-activated and
pre-equilibrated with 10 mM Tris--HCI (pH 7 .8) . Proteins were then eluted using
a 0-1 M NaCl linear gradient in the same buffer .

(2) The 0 .35 M NaCl extract (loosely bound non-histone chromosomal protein
fraction) that was not fractionated by TCA precipitation was dialysed overnight
against 10 mM Tris-HC1 (pH 7.8), followed by centrifugation at 5000 g for 20
min to remove any debris . The dialysate (60 mg of protein) was then subjected to
PBE94 column chromatography as described above .

Determination of protein and nucleic acid crmccmrauans
The protein concentration was determined by the method of Lowry et al. [13]

using bovine serum albumin as the standard, or else by the absorbance at 280 nm .
The nucleic acid concentration was determined according to the method of
Schneider [14] .

Electrophoresis
Sodium dodecyl sulphate (SDS) polyacrylamide gel electrophoresis (PAGE)

was performed by the method of Laemmli [15] . The gels were stained with Coom-
assie brilliant blue R250 .

Amino acid analysis
Protein was hydrolysed in 6 M HCl at 110°C for 24 h in an evacuated tube . The

hydrolysate was then analysed using a Hitachi 835 amino acid analyser . The
amino acid composition was expressed as mol per 100 mol of the total amino acid
content .

RESULTS AND DISCUSSION

The 10% TCA-precipitable fraction of the loosely bound non-histone chro-
mosomal proteins obtained from porcine thymus was subjected to CM-Sephadex
C-25 ion-exchange chromatography according to the method of Goodwin ci al .
[l ] . The resolution of both HMG1 and HMG2 by CM-Sephadex C-25 chromato-
graphy was found to be inadequate (data not shown) . Therefore. to obtain a
better resolution and yield, we investigated improvements to the chromatography
step . Polyhuffer-exchanger PBE94 is an anion-exchange gel originally developed
for chromatofocusing with Polybuffer or Pharmalyte 8-10 .5. PBE94 is composed
of Sepharose CL-6B coupled with a variety of dissociation radicals by ether-
linking and has an even and high capacity over a wide pH range (3 11) [16] . For
these reasons, PBE94 was used for anion-exchange chromatography in the sepa-
ration of HMG] and HMG2 .
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Fig . 1 . Purification of HMGI and HMG2 by PBE94 column chromatography . (A) The 10% 'ICA-precipi-
tablefraction (50 mg of pro(rin) in 3 ml of 10 mM Tris-HCI (pH 7 .8) was applicd to a PBE94 column (20
em x 1 .0 cm I .D .) . Proteins were eluted by a 0-1 31 NaCl linear gradient in the same buffer . The flow-rate
was 10 ml ;h, and fractions of 4 ml were collected . (B) Peak lI was rechromatographed under the same
conditions . (C) Peak liI was rechromatographed under the same conditions .

Fig . IA shows the elution profile of the 10% TCA-precipitable fraction on the
PBE94 column chromatography . The proteins were found to be fractionated into
three peaks (1-III) by NaCl linear gradi€nt elation . SDS-PAGE showed that peak
I contained HMG 14, HMG 17 and an unidentified component similar in mobility
to the A24 protein (histone uH2A) (Fig . 2, lane 1). Peak II was assigned to
HMG2 and peak III to HMGI, on the basis of their immunoreactivities for
anti-HMG2 and anti-HMGI antibodies (data not shown) and their respective
molecular masses of 25 000 and 26 000 dalton (Fig . 2, lanes 2 and 3) . When the
separated HMG2 (peak II) and HMGI (peak III) proteins were rechromato-
graphed independently under the same conditions, each protein was eluted sharp-
ly and reproducibly at the same NaCI concentrations as before (Figs . 1 B and C) .
The HMGI and HMG2 proteins separated by this one-step column chromato-
graphy method (Fig. IA) possessed a high purity (greater than 98%) judging
from the densitometric analysis of the gels from SDS-PAGE . The recovery of
each protein by this method was ea . 90% . The amino acid compositions of the
HMGI and HMG2 purified from porcine thymus (Table 1) were found to be
identical with those previously reported from various sources [3,10,17] . Thus,
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Fig. 2 . SDS-PAGE of the peaks obtained by PBE94 column chromatography from the 10% TCA-precipi-
table tiaction . Polyacrylamide gel (12 .5%) with 0 .1% SDS was used . After electrophoresis, the gel was
stained with Coomassic brilliant blue R250 . Lane M, marker proteins : lane 1, peak I; lane 2, peak Il ; lane 3,
peak III .

PBE94 column chromatography was found to be applicable to the isolation of
HMGI and HMG2 .

We also attempted to isolate HMGI and HMG2 directly from the loosely
bound non-histone chromosomal protein fraction (0 .35 M NaCl extract) without
pre-fractional precipitation with 10% TCA . The 0.35 M NaCl extract was frac-
tionated into twelve fractions (fractions A-L) by PBE94 column chromatogra-
phy, as shown in Fig . 3A . Fig. 4 shows the results of SDS-PAGF for each frac-
tion . Fractions A and B comprised mainly HMG14 and HMG 17 (Fig . 4, lanes I
and 2 ) and were eluted at almost identical NaCl concentrations as shown in Fig .
IA. Fractions D--J contained heterogeneous non-histonc chromosomal proteins
(Fig . 4, lanes 4-10) . The recovery of these fractions from the column varied
because of solubility problems caused by protein aggregation . Fractions K and L
were eluted from the column by 0 .56 and 0.62 M NaCl, respectively, These elu-
tion concentrations approximated those required to elute HMG2 (0 .54 M NaCl
in Fig . 1A) and HMG1 (0 .60 M NaCl), Fraction K contained a single protein
band of 25 000 dalton, and the protein in fraction L formed a single band at 26
000 dalton on electrophoresis (Fig. 4, lanes I I and 12) . On the basis of the NaCl
concentrations required for elution, the molecular masses, and the immunoreacti-
vities (data not shown), the main components in fractions K and L were consid-
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TABLE 1

COMPARISON OF AMINO ACID COMPOSITIONS OF HMGI AND HMG2 FROM PORCINE
THYMUS, CALF THYMUS AND DUCK ERYTHROCYTES

The values for each amino acid arc expressed as mole percent .

"These data are quoted from refs . 3 and 10 .
'N .D ., not detected .

ered to be HMG2 and HMGI, respectively . Rechromatography of fractions K
and L under the same conditions showed identical elution profiles for HMG2 and
HMGI with good reproducibility (Fig . 3B and C). Fraction M contained detect-
able amounts of low-molecular-mass RNA (less than 5S) . Thus, it was possible to
isolate HMGI and HMG2 directly from the 0 .35 M NaCl extract by PBE94
column chromatography without the need for pre-fractional precipitation using
10% TCA or prior extraction with 5% PCA . Moreover, the isolated HMGI and
f IMG2 maintained their in vitro DNA unwinding activity [18] .

This procedure appears to be efficient and practical for the large-scale purifica-
tion of HMGI and HMG2. It provides a higher resolution, purity and yield than
the conventional method of CM-Sephadex C-25 ion-exchange column chrotnato-
graphy [1-3,10] . We were able to prepare 100 mg of HMG I and 60 mg of HMG2
from 3 kg of porcine thymus by 10% TCA precipitation followed by PBE94
column chromatography . Furthermore, we could also purify 4 .1 mg of HMG)

Y. ADACIII et al.

Amino acid Porcine thymus Calf thymus" Duck erythrocytes'

HMGIHMGI HMG2 HMGI HMG2

Asp 10 .9 9 .8 11 .0 9 .6 11 .6
Thr 2 .3 1.9 3 .0 2 .7 2 .1
Set 5 .0 7 .6 5 .3 7 .5 4.6
Glu 18 .9 18 .4 17 .8 17 .1 20 .0
Pro 6 .2 7 .4 5 .2 7 .7 5.5
Gly 5 .4 7 .0 5.2 6 .3 5 .4
Ala 9 .2 7 .3 8 .2 7 .3 7 .7
Val 2 .3 1.5 2.3 2 .1 3 .4
Cys 0 .7 0 .8 3 .0 L6 N.D .°
Met 2 .0 23 1 .2 1 .4
lie 1 .9 1 .5 1.9 1 .4 L8
Leo 2 .0 2 .1 2 .2 2.1 2 .9
Tyr 2 .3 2.8 2 .8 2 .6 2 .5
Phe 4 .1 5 .6 4.2 4 .5
Lys 20.3 19 .4 16 .8 19 .1 21 .4
His 1 .9 1 .7 1 .7 1 .4
Arg 3 .8 4.4 5 .5 5 .1 3 .7
Acidic amino acid (A) 29.9 28 .2 28 .8 26 .7 31.6
Basic amino acid (B) 25 .8 25 .7 24 .0 25 .9 26 .5
A/B ratio 1.16 1.10 1 .20 1 .03 1 .19
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Fig . 3 . PBE94 column chromatography of the loosely hound non-histone chromosomal protein fraction
(0 .35 M NaCI extract from chromatin) . (A) The 0.35M NaCI extract (60 mg of protein) was applied to a
PBE94 column (20 cm x 1.0 ent I .D .) without pre-fractional 10% TCA precipitation . The proteins were
eluted by a 0-1 . .5 M NaCl linear gradient in 10 mM Tris IICI (pH 7 .8) . The flow-rate was 10 ml/h, and
fractions of 4 ml were collected. The protein fractions marked by thick bars were combined and named as
indicated . (B) Peak K was rechromatographed under the same conditions . (C) Peak L was rechromato-
graphed under the same conditons,

Fig . 4 . SDS-PAGE of the fractions obtained by PBF94 column chromatography from the loosely bound
non-histone chromosomal protein fraction (0 .35 M NaCl extract from chromatin) . Polyacrylarnide gel
(12.5%) with 0 .1% SDS was used. After electrophoresis, the gel was stained with Cuomassie brilliant blue
R250. Lanes 1-12 correspond to fractions A L in Fig . 3 . Lane M, marker proteins ; lane 13, whole histone
fraction of porcine thymus; lane 14, purified H MGI ; lane 15, purified HM(i2,
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and 3 .3 mg of HMG2 directly from the 0 .35 M NaCl extract (160 mg of protein)
by one-step PBE94 column chromatography, avoiding exposure of the proteins
to extremely acidic conditions . HMGI and HMG2 obtained under these milder
conditions are desirable for studies of their functions and intrinsic properties,
especially the interactions of these proteins with DNA and the nucleosome . Fi-
nally, the PBE94 column should he applicable to the fractionation of various
other kinds of non-histone chromosomal protein .
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