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Abstract

pH-peak focusing counter-current chromatography (CCC) was applied to the purification of lactic acid dehydrogenase
(LDH) from a crude bovine heart extract using a cross-axis coil planet centrifuge (CPC). The experiment was performed
with two sets of polymer phase systems composed of 16% (w/w) polyethylene glycol (PEG) 1000-12.5% (w/w) potassium
phosphate buffer and 15% (w/w) PEG 1540-15% (w/w) ammonium sulfate each at various pH values. The best result was
achieved from the PEG 1540—ammonium sulfate polymer phase system by adding a retainé @detin acid) to the
upper stationary phase and an eluter (10@ sodium hydroxide) to the lower mobile phase. At a flow-rate of 0.5 ml/min,
LDH was eluted as a sharp peak which was well resolved from other proteins. Collected fractions were analyzed by the LDH
enzymatic activity and by sodium dodecyl sulfate—polyacrylamide slab gel electrophoresis to detect contaminated proteins.
LDH was purified directly from crude bovine heart extract in a concentrated state.
0 2002 Elsevier Science BV. All rights reserved.
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1. Introduction system eliminates all complications, such as solute
adsorption and denaturation caused by the solid
Counter-current chromatography (CCC) is a lig- supports. Among all the existing CCC systems, high-
uid—liquid partition chromatography free of solid speed CCC is the most advanced form in terms of
support matrices [1-4] where the stationary phase is partition efficiency and the separation time. The
retained in the coiled column by the aid of unit cross-axis coil planet centrifuge (CPC) has been
gravity or a centrifugal force. Consequently, the particularly developed for retaining large amounts of

the stationary phase for low-interfacial-tension, visc-

ous solvent systems effectively used for separation of

polar compounds [5-7]. The cross-axis CPCs have
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and of a-globulin and human serum albumin [9]. revolution speed of the apparatus was regulated at
The method was applied to the purification of 400 rpm with a speed control unit (Bodine Electric,
recombinant enzymes such as purine nucleoside Chicago, IL, USA).

phosphorylase [10], uridine phosphorylase [11] and

ketosteroid isomerase [12] fronkscherichia coli

lysate, human lipoproteins from human serum [13— 2.2. Reagents
15], lactic acid dehydrogenase (LDH) from a crude

bovine heart extract [16], proteins from chicken egg LDH from a chicken heart (4000 IU/5 mg) was
white [17,18] and cholinesterase from human serum obtained from Oriental Yeast (Osaka, Japan) for the
[19] using polymer phase systems. determination of the partition coefficient values.

In the course of the CCC separation of protein Polyethylene glycol (PEG) 1000 (average molecular
mixture containing cytochrome, myoglobin, oval- mas$1, 950-1050), 1540M, 1300-1600), mono-
bumin and hemoglobin by the conventional CCC and dibasic potassium phosphates, ammonium sul-
technique, we observed that the ovalbumin produced fate for the preparation of aqueous polymer two-
a very broad peak with a long elution time [8]. In phase systems were purchased from Kanto Chemi-
order to improve the separation we applied the pH- cals (Tokyo, Japan). Acrylamide for electrophoresis
peak focusing CCC techniques [20] which produced was obtained from Wako (Osaka, Japan). Other
sharp elution peaks of cytochroneemyoglobin and chemicals were all of analytical reagent grade.

ovalbumin by eluting with the mobile phase at pH

6.8 [21]. A new CCC technique described here yields

sharp elution peaks by manipulating the pH of both 2.3. Preparation of crude bovine heart extract
stationary and mobile phases. In the present studies,

this technique was applied for the purification of About 40 g of bovine heart tissue was homogen-
LDH from a crude bovine heart extract using the ized with 30 ml of ice-cold water in a household
cross-axis CPC. mixer for 10 min. The homogenate was centrifuged

at 4009 for 30 min and the supernatant filtered with
an absorbent gauze to remove the cell debris. The

2. Experimental filtrate was again filtered through a Millipore filter
(pore size: 0.22pm) (Nihon Millipore Kogyo,
2.1. Apparatus Yonezawa, Japan) before loading into the CCC

column. The crude bovine heart extract thus obtained
The pH-peak focusing CCC of LDH was per- was stored-20°C until use.
formed using type-XL cross axis CPC (X-axis CPC)
shown in Fig. 1. The apparatus holds a pair of
horizontal rotary shafts symmetrically, one on each 2.4. Preparation of PEG—potassium phosphate
side of the rotary frame, at a distance of 10 cm from aqueous two-phase solvent systems
the central axis of the centrifuge. A spool-shaped

column holder is mounted on each rotary shaft at a Two-phase solvent systems composed of 16.0%
lateral location 10 cm away from the midpoint. A (w/w) PEG 1000 and 12.5% (w/w) potassium
large multilayer coil prepared from 2.6 mm I.D. phosphate solutions were prepared by dissolving 320
polytetrafluoroethylene (PTFE) tubing (Zeus Indus- g of PEG 1000, and 250 g of potassium phosphate in
trial Products, Raritan, NJ, USA) by winding it onto water to make the total mass of 2000 g. The desired

a 5 cm diameter holder hub making three layers of pH of the solvent system was obtained by selecting a
left-handed coils between a pair of flanges spaced 5 suitable ratio of monobasic potassium phosphates as
cm. A pair of columns was serially connected on the shown in Table 1 where the settling times and the
rotary frame using a flow tube (PTFE, 0.85 mm I.D.) volume ratios between the upper and lower phases of

to give a total column capacity of 165 ml. The the two-phase solvent systems are also indicated.
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Fig. 1. Type-XL cross-axis coil planet centrifuge (CPC) equipped with a pair of multilayer coils connected in series.

The solvent mixture was throughly equilibrate in a measure the time required for the mixture to settle
separatory funnel at room temperature and the two into two clear layers. The experiment was repeated
phases were separated shortly before use. several times to obtain the mean value.

2.5. Measurement of settling time
2.6. Purification of LDH from crude bovine heart
Using the above equilibrated aqueous two-phase extract by conventional CCC
systems, the settling time was measured as follows: a

2-ml volume of each phase was delivered into a In each experiment, the CCC column was first
10-ml capacity graduated glass cylinder which was entirely filled with the stationary phase, either upper
then sealed with a glass stopper. The contents was or lower phase, and the sample solution (a mixture of
gently mixed by inverting the cylinder five times and 3 g of crude bovine heart extract with PEG and
the cylinder was immediately placed on a flat table to potassium phosphate to adjust its phase composition

close to the two-phase solvent system used for the
separation) was injected into the column using an
EYELA type SV-6000 sample injector (Tokyo

Table 1
Setiling time and phase volume ratio of PEG-potassium phosphate Rikakikai, Tokyo, Japan). Then the other phase was
at various pH eluted through the column at a flow-rate of 0.5
Concentration (%, w/w) pH Setting  Volume ml/min while the apparatus was rotated at 400 rpm.
time ratio The effluent from the outlet of the column was
PEG1000  KHPQ K HPQ (sec) (UP/LP) continuously monitored with an EYELA UV-9000
16.0 6.25 6.25 6.8 120 1.22 absorbance monitor (Tokyo Rikakikai) at 280 nm
16.0 4.2 8.3 7.3 114 1.00 and fractionated into test tubes using an LKB 2112
16.0 2.1 10.4 80 112 0.88 Redirac fraction collector (LKB Instruments, Stock-
16.0 0 12.5 9.2 96 0.82

holm, Sweden).
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2.7. pH-peak focusing CCC of crude bovine heart
extract

The coil was first completely filled with the
stationary upper phase of the solvent system com-
posed of 16% (w/w) PEG 1000 and 12.5% (w/w)
potassium phosphate at pH 9.2. The CCC sample
solution was injected into the column using a sample
injector. Then the lower phase of the above solvent
system, with its pH adjusted to 6.8, 7.3 or 8.0, was
pumped into the column at 0.5 ml/min while the
apparatus was rotated at 400 rpm. The effluent from
the outlet of the column was continuously monitored
with the absorbance monitor and fractionated using a
fraction collector. The pH of each fraction was
manually determined by a Model MP 120 pH meter
(Mettler, Greifensee, Switzerland).

An alternative pH-peak focusing CCC method was
performed using both retainer acid and eluter base in
the solvent system composed of 15% (w/w) PEG
1540-15% (w/w) ammonium sulfate. The coil was
first completely filled with the stationary upper phase
containing 10 v acetic acid as a retainer to bring
the pH to 4.2. This was followed by injection of
CCC sample through the sample port. Then the
lower phase of the above solvent system containing
100 mM sodium hydroxide as an eluter was pumped
into the column at 0.5 ml/min while the apparatus
was rotated at 400 rpm. The effluent was monitored
and fractionated in a similar fashion. The pH of each
fraction was manually determined by using a pH
meter.

2.8. Measurement of LDH enzyme activity in CCC
fractions

LDH in the CCC fractions was determined by
enzymatic analyses [22]. When lactic acid, the
substrate of LDH, is oxidized to pyruvic acid by
LDH in the CCC fraction, nicotinamide adenine
dinucleotide (NAD) is reduced to NADH, which in
turn reduces nitrotetrazolium blue in the reaction
mixture to form diformazan in the presence of
diaphorase. The blue color of this product was
measured by absorbance at 560 nm. The LDH
enzymatic activities in the CCC fractions were
determined using the calibration curves constructed
from the standard LDH solution.

3. Results and discussion

3.1. Volume ratio and settling time of PEG—
postassium phosphate two-phase systems

Table 1 lists the composition of four aqueous
two-phase solvent systems together with their sett-
ling times and phase volume ratios. These polymer
phase systems were composed of 16% (w/w) PEG
1000-12.5% (w/w) potassium phosphate at different

pH values ranging from 6.8 to 9.2. In all these
solvent systems, the upper phase is rich in PEG 1000
and the lower phase is rich in potassium phosphate.

The settling time of these four aqueous polymer

phase systems increases with increase the relative
concentration of monobasic potassium phosphate.
These four systems vyield a desirable phase volume
ratio near 1.0 so that either upper or lower phase can
be chosen as the mobile phase without excessive
waste of the solvent system. The ratio of 0.8
indicates the volume of the upper phase is 80% of
that of the lower phase and the ratio of 1.22 indicates
the volume of the lower phase is 82% of that of the
upper phase.

3.2. Purification of LDH from crude bovine heart
extract by conventional CCC

Fig. 2 shows the elution profile of the crude
bovine heart extract obtained by the cross-axis CPC
using the 16% PEG 1000-12.5% potassium phos-

phate buffer aqueous polymer phase system at pH
9.2. The sample solution containing 3 g of the crude
extract, 0.67 g of PEG 1000 and 0.52 g of dibasic
potassium phosphate was injected through the sam-
ple port. The separation was performed at 400 rpm at
a flow-rate of 0.5 ml/min using the potassium
phosphate-rich lower phase as the mobile phase. The
solvent front emerged at the 22nd fraction (66 ml).
The absorbance of proteins at 280 nm (open circle)
in each fraction and its LDH activity (closed circle)
are plotted against the retention volume. The enzyme
activity of the LDH was detected at the very broad
peak with the retention volume ranging from 125 to
320 ml. Almost all the other proteins in the crude
bovine heart extract were contaminated in the LDH
fractions, so this method is unsuitable for the isola-
tion of LDH.



Y. Shibusawa et al. / J. Chromatogr. B 776 (2002) 183-189 187

~10
10 A -
1.2 10
- Q - 8 J ro
1.0 4 8 5 £ 2
g V_ < ‘ro |
o L - :
2 0.8 L 6 = @ I 6 - + 8 .
Y x w = i
E 0.6 - 3+ 3 45! r7 8
o T4 2 £ g
§' 044 3 3 25 tfe
2 L2 L =
2 0.2 SF — F 0 F 5
T T T
0 L 0 0 100 200 300
T T T Retention Volume (mL)
0 100 200 300 B 10
Retention Volume (mL)
) -9
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of lactic acid dehydrogenase from crude bovine heart extract. £ v;
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potassium phosphate at pH 9.2; stationary phase: PEG 1000-rich § B
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sample: a mixture of 3 g of bovine heart crude extract, 0.67 g of 2 -
PEG 1000 and 0.52 g of dibasic potassium phosphate; flow-rate: L o rs5
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9.2 to 6.8.

A new elution method, called pH-peak focusing Fig. 3. pH-peak focusing CCC of crude bovine heart extract at
CCC, can produce a sharp elution peak by man- different pH of the mobile phase. Experimental conditions:

. . . apparatus: the XL cross-axis CPC with a pair of multilayer coil
ipulating the pH of both stationary phase and the columns of 2.6 mm I.D. and 165 ml capacity; solvent system: 16%

mobile phases to shorten the separation. In the /w) PEG 1000-12.5% (w/w) potassium phosphate; stationary
present study, the pH-peak focusing CCC technique phase: PEG 1000-rich upper phase at pH 9.2; mobile phase:

was applied to the purification of LDH from the potassium phosphate-rich lower phase at pH 8.0 (A), at pH 7.3 (B)
crude bovine heart extract and at pH 6.8 (C); sample: a mixture of 3 g of bovine heart crude

. . extract, 0.67 g of PEG 1000 and 0.52 g of dibasic potassium
Fig. 3A—C show three chromatograms obtained by phosphate; flow-rate: 0.5 ml/min; revolution: 400 rpm,; stationary

pH-peak focusing CCC by changing the pH of the phase retention: 56.4% (A), 51.0% (B) and 47.3% (C) of the total
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fractions eluted from the column were measured by a
pH meter. In these experiments, the CCC column
was filled with the upper stationary phase of the 16%
PEG 1000-12.5% potassium phosphate buffer at pH
9.2 followed by elution with the lower phase with
different pH values 8.0 (A), 7.3 (B) and 6.8 (C). The
pH of the final fraction of each experiment is same
as that of the mobile phase. The lower aqueous
stationary phase was slightly disturbed by the chang-
ing the pH of the mobile phase. When the column
was eluted with the mobile phase of pH 8.0 (Fig.
3A), the LDH activity was detected in the retention
volume from 100 to 250 ml with a shorter elution
time compared with that of conventional CCC
method (Fig. 2). However, LDH was eluted from the
column (closed circle) still overlapping with the

Y. Shibusawa et al. / J. Chromatogr. B 776 (2002) 183-189

ary phase disturbance. Fig. 4 shows the elution
profile of crude bovine heart extract using this
advanced pH-peak focusing CCC technique. Most

proteins in the crude extract were eluted out before
the retention volume of 160 ml, whereas the LDH
peak was eluted between 150 and 220 ml with a
sharpened front edge coincided with the sharp rise of

the eluent pH from 2.0 to 7.2 as shown in Fig. 4.

Sodium dodecyl sulfate (SDS)—gel electrophoresis
revealed that the LDH fractions of the retention
volume from 160 to 220 ml showed no contamina-
tion of other proteins in the crude extract (data not
shown). In this pH-peak focusing CCC, it was
impossible to separate different isoforms of LDH.

In dye—ligand affinity chromatography [23], 1,6-
bisphosphate dependent lactic acidSreptococ-

other proteins (open circle) in the crude extract. cusuberis was purified and it's existence in different

When the pH of the mobile phase was adjusted at pH
7.3 (Fig. 3B), the separation of LDH from other
proteins was considerably improved. When the pH of
the mobile phase was lowered to 6.8 (Fig. 3C), the
separation of LDH was further improved, but the
LDH fraction is still contaminated with other pro-
teins. The improved separation of LDH in these
experiments was apparently caused by shifting the
second major protein peak toward the left by the
lowered pH of the eluate while the LDH peak was
less affected.

forms were investigated. Further, using a PEG 8000—
dextran system, isoforms of pig LDH were separated
intp H and M Dby liquid—liquid partition chroma-
tography [24]. In the pH-peak focusing CCC tech-
nique, isoforms of bovine heart LDH were not

separated from each other.

The overall results of the above studies indicate
that the elution of the LDH from the CCC column
was greatly influenced by the pH of the mobile
phase. The pH-peak focusing CCC technique using a

retainer acid and a eluent base improved the sepa-

ration of LDH from the proteins in the crude extract
by shifting the protein peaks toward the left and
sharpening the front edge of the LDH peak. The
excellent purification of LDH from crude bovine

3.4. pH-peak focusing CCC using a retainer acid
and a elute base

In order to further improve the separation, the
advanced pH-peak focusing CCC technique was
tested using a retainer acid in the stationary phase
and a eluent base in the mobile phase. For the
purpose of making a greater change of the pH,
phosphate in the solvent system was replaced by a
neutral salt (ammonium sulfate) which gave a mini-
mum buffering action. We selected the solvent
composition of 15% (w/w) PEG 1540-15% (w/w)
ammonium sulfate. The column was first filled with
the upper phase containing 10Mmacetic acid as a

heart extract was performed by the solvent system
composed of 15% (w/w) PEG 1540-15% (w/w)
ammonium sulfate by adding acetic acid to the upper
stationary phase as a retainer and sodium hydroxide
to the lower mobile phase as an eluter. This is the
first report of the pH-peak focusing CCC techniques

facilitates the rapid purification of target protein from

a crude extract.

retainer acid and the loaded sample solution was Acknowledgements

eluted with the lower phase containing 100Mm

sodium hydroxide as an eluter base while other
experimental conditions were the same as the previ-
ous experiments. In this CCC, there was no station-
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Fig. 4. pH-peak focusing CCC of crude bovine heart extract using a retainer acid and a elute base. Experimental conditions: apparatus: the
XL cross-axis CPC with a pair of multilayer coil columns of 2.6 mm I.D. and 165 ml capacity; solvent system: 15% (w/w) PEG 1540-15%
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ammonium sulfate-rich lower phase containing 1001 modium hydroxide as a elute base; sample: a mixture of 3 g of bovine heart crude

extract, 0.67 g of PEG 1000 and 0.52 g of dibasic potassium phosphate; flow-rate: 0.5 ml/min; revolution: 400 rpm; stationary phase

retention: 54.4% of the total column capacity; =S$olvent front.
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