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ABSTRACT

Countercurrent chromatography (CCC) of proteins was per-
formed by the cross-axis coil planet centrifuge (cross-axis
CPC) using polyethylene glycol (PEG) - dextran biphasic sys-
tems.  A pair of eccentric coil assemblies was mounted at two
different positions (off-center and central) on the rotary frame.
The best separation was obtained from a two-phase solvent sys-
tem composed of 4.0% (w/w) PEG 8000 - 5.0% (w/w) dextran
T500 in 5 mM potassium phosphate buffer (pH 7.0) and 3 M
sodium chloride using the upper PEG-rich phase as the mobile
phase.  The off-center column position yielded substantially
better peak resolution between lysozyme and myoglobin than
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that obtained from the central position under otherwise identi-
cal conditions.

INTRODUCTION

The cross-axis coil planet centrifuge (cross-axis CPC)1-5 has been devel-
oped for performing countercurrent chromatography (CCC) with low interfa-
cial tension two-phase solvent systems which produce emulsification and car-
ryover of the stationary phase in a multilayer coil of the type J high-speed
CCC centrifuge.  The apparatus has a unique mode of planetary motion such
that the column holder rotates about its horizontal axis while revolving
around the vertical axis of the centrifuge.  This motion produces stable reten-
tion of the low interfacial tension solvent systems including viscous polymer
phase systems.6 It has been shown that the ratio between the revolution radius
(X) and the lateral deviation (L) of the column is an important parameter for
the retention of the stationary phase.  The studies on various types of the
cross-axis multilayer CPC including X,1,2 XL,7 XLL,8 and XLLL,9 indicated
that increasing the ratio L/X improves the retention of the stationary phase by
moderating the phase mixing.  Consequently, these cross-axis CPCs were
used for separating proteins according to their solubility in the polymer phase
system.  

Many proteins can be efficiently separated with a PEG-phosphate solvent
system using the XL and XLL CPCs,7,8 whereas, some proteins such as globu-
lins and histones with a low solubility in the above high salt PEG system may
be separated with a low salt PEG-dextran system using the XLLL or L CPC
which can produce satisfactory retention of the highly viscous, extremely low
interfacial tension polymer system.9

In this connection, we have developed a versatile design of the cross-axis
CPC which can accommodate a pair of column holders in two different 
positions (L/X = 1.5 and X = 0), thus allowing the separation of proteins 
using both PEG-phosphate and PEG-dextran polymer phase systems.10,11 Our
recent studies revealed that high partition efficiency was attained with a
PEG-phosphate solvent system in small diameter eccentric coil assemblies
mounted in the off-center position12 while the best separation of proteins 
in this column was achieved using a polymer phase system composed of
12.5% (w/w) PEG 1000 and 12.5% (w/w) dibasic potassium phosphate at 
850 rpm.13

The present paper describes the protein separation with PEG-dextran sol-
vent systems by our cross-axis CPC equipped with eccentric coil assemblies
mounted at off-center (X-1.5L) and central (L) positions.
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EXPERIMENTAL

Apparatus

The cross-axis CPC employed in the present studies was constructed at
the Machining Technology Center of Nihon University, Chiba, Japan.  The
design of the apparatus was previously described in detail,10, 11 so only a brief
description is given here.  The apparatus induces a synchronous planetary
motion of the column holder which rotates about its own horizontal axis and
simultaneously revolves around the vertical axis of the centrifuge at the same
angular velocity.  A pair of column holders can be mounted at two different
locations in either off-center (X-1.5L) or central (L) position, where X = 10 cm
and L = 15 cm (X is the distance from the holder axis to the central axis of the
centrifuge, and L, distance between the holder and the middle point of the
rotary shaft).

Preparation of CCC Column

Separation columns used in the present studies were a pair of eccentric
coil assemblies described earlier.10,11,15 Each coil assembly was prepared by
winding a single piece of 1 mm ID PTFE (polytetrafluoroethylene) tubing
(Flon Kogyo Co., Tokyo, Japan) onto 7.6 cm long, 5 mm OD nylon pipes form-
ing 20 units of serially connected left handed coils, which were then arranged
around the holder with their axes parallel to the holder axis.  A pair of identi-
cal coil assemblies was connected in series to obtain a total column capacity
of 26.5 mL.

Reagents

Polyethylene glycol (PEG) 8000 (M.W. 8000), cytochrome C (horse
heart), myoglobin (horse skeletal muscle), ovalbumin (chicken egg), hemoglo-
bin (human), trypsinogen (bovine pancreas), apo-transferrin (bovine), carbon-
ic anhydrase (bovine erythrocytes), trypsin inhibitor (soy bean), lactalbumin,
α-chymotrypsinogen A (bovine pancreas), γ-globulins (human), and lysozyme
(chicken egg) were purchased from Sigma Chemical Co. (St. Louis, MO,
USA).  

Dextran T 500 (M.W. 500,000) was purchased from Pharmacia
(Sollentuna, Sweden).  Bovine serum albumin, dibasic potassium phosphate,
monobasic potassium phosphate, and sodium chloride were obtained from
Wako Pure Chemicals (Osaka, Japan).  All other chemicals were of reagent
grade.
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Preparation of Polymer Phase Systems and Sample Solution

Two polymer phase systems were prepared – solvent system I: 4.4% (w/w)
PEG 8000 - 7.0% (w/w) dextran T500 in 5 mM potassium phosphate buffer (pH
7.0); and solvent system II: 4.0% (w/w) PEG 8000 - 5.0% (w/w) dextran T500
in 5 mM potassium phosphate buffer (pH 7.0).  Sodium chloride was added to
each solvent system at various concentrations ranging from 1-3 M.  Each sol-
vent mixture was thoroughly equilibrated in a separatory funnel at room tem-
perature and the two phases were separated after two clear layers formed.

Sample solutions were prepared by dissolving each sample mixture in 1
mL of the solvent consisting of equal volume of each phase.

Measurement of Partition Coefficients of Protein Samples

The partition coefficient of each protein was determined spectrophotomet-
rically using a simple test tube procedure.  Two milliliters of each phase of the
equilibrated two-phase solvent system were delivered into a test tube to which
1 mg of the sample was added.  The contents were thoroughly mixed and
allowed to settle at room temperature.  After the two clear layers were formed,
a 1 mL aliquot of each phase was diluted with 2 mL of distilled water and the
absorbance was measured at 280 nm using a spectrophotometer (Model UV-
1600, Shimadzu Corporation, Kyoto, Japan).

The partition coefficient was obtained by dividing the absorbance value of
the upper phase by that of the lower phase.

CCC Separation Procedure

For each separation, the coil was first completely filled with the stationary
lower phase and the sample solution (ca 1 mL) was injected into the column.
Then the mobile upper phase was pumped into the column using a reciprocat-
ing pump (Model KHU-W-52H, Kyowa Seimitsu Co., Tokyo, Japan) while the
column was rotated at 800 rpm.  The effluent from the outlet of the column was
collected into test tubes at 0.4 mL/tube using a fraction collector (Model SF-
200, Advantec Co., Tokyo, Japan).  

Analysis of CCC Fractions

Collected CCC fractions were analyzed by adding 2.5 mL of distilled
water to each tube and measuring the absorbance at 280 nm and 540 nm with a
spectrophotometer (Model UV-1600, Shimadzu Corporation, Kyoto, Japan).
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Evaluation of Partition Efficiency

Partition efficiencies of the protein separation were computed from the
chromatogram and expressed in terms of theoretical plate number (N) and peak
resolution (Rs) according to the method described earlier.15

RESULTS AND DISCUSSION

The polymer phase systems useful for partitioning proteins may be divid-
ed into two types, i.e., PEG-inorganic salt and PEG-dextran systems.  As men-
tioned earlier, the PEG-salt system has relatively high interfacial tension and
low viscosity hence producing an efficient separation for many proteins.  In
contrast the PEG-dextran system has high viscosity and extremely low interfa-
cial tension which produce emulsification and retention problems in the
HSCCC column.  On the other hand, the PEG-dextran system provides high sol-
ubility for most proteins including those which are not well dissolved in the
PEG-salt system due to its high salt concentration.

In the present studies, the protein samples were separated by cross-axis
CPC using the PEG-dextran solvent systems.  The separations were performed
with a pair of eccentric coil assemblies at both off-center and central positions.

Table 1 shows partition coefficients of various proteins in two different
solvent systems: solvent system I (Table 1) and solvent system II (Table 2).
Increasing sodium chloride concentration to each solvent system increases the
partition coefficient values of proteins up to 3 M or its saturation point.  Among
those proteins, lysozyme and myoglobin were selected as test samples for CCC
separation since we have used these two proteins in our previous studies on
PEG-phosphate solvent systems.15 Separations were performed using the less
viscous PEG-rich upper phase as a mobile phase to obtain better retention of the
stationary phase.10

Figure 1 illustrates the CCC separation of lysozyme and myoglobin, each
10 mg, by the cross-axis CPC with the eccentric coil assemblies mounted at off-
center position.  Solvent system I was used for separation at various concentra-
tions of sodium chloride as indicated.  The best peak resolution was achieved at
a 2 M sodium chloride concentration.

Figure 2 similarly illustrates the CCC separation of the same sample mix-
ture with solvent system II by the cross-axis CPC using the same column at two
different positions: off-center position (upper diagram) and central position
(lower diagram).  Increasing the sodium chloride concentration produced a bet-
ter peak resolution.  The results clearly indicate that the off-center column posi-
tion gives substantially better peak resolution than the central position at a
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given salt concentration while, in both column positions, the 3 M salt concen-
tration produced the best peak resolution.

Table 3 summarizes the analytical data for the present studies.  The best
separation evaluated by both peak resolution and partition efficiency was
obtained from solvent system II at a 3 M salt concentration in the off-center col-
umn position, although, solvent system I also produced a similar peak resolu-
tion at 2 M sodium chloride concentration despite a lower retention of the sta-
tionary phase.  The data also indicate that the retention of the stationary phase
at the two different column positions is quite similar, except, at the low salt con-
centrations of 0 and 1 M.  Inferior separations at low salt concentrations in both
solvent systems are clearly due to the small separation factor between the two
proteins (Table 1 and 2).
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Figure 1. CCC separation of lysozyme and myoglobin by cross-axis CPC at off-center col-
umn position with solvent system I.  Experimental conditions were as follows: column: a
pair of eccentric coil assemblies, 1 mm ID with a total capacity of 26.5 mL; sample:
lysozyme and myoglobin each 10 mg; solvent system: 4.4% (w/w) PEG 8000 - 7.0% (w/w)
dextran T500 in 5 mM potassium phosphate buffer (pH 7.0) containing sodium chloride at
1 - 3 M concentrations; mobile phase: PEG-rich upper phase; flow rate: 0.2 mL/min; rev-
olution: 800 rpm.  SF = solvent front.
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These results, however, show that the PEG-dextran solvent system yields
considerably lower peak resolution (Rs = 1.3) than that obtained by the PEG-
phosphate solvent system (Rs = 1.8) under otherwise identical experimental
conditions.15
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Figure 2. CCC separation of lysozyme and myoglobin by cross-axis CPC at off-center and
central column positions with solvent system II.  (A) Off-center column position; (B)
Central column position.  Experimental conditions were as follows: solvent system: 4.0%
(w/w) PEG 8000 - 5.0% (w/w) dextran T500 in 5 mM potassium phosphate buffer (pH 7.0)
containing sodium chloride at 1 - 3 M concentrations; Other conditions were same as those
described in the Figure 1 caption.  SF = solvent front.
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CONCLUSIONS

The overall results of the present studies indicate that the cross-axis CPC can
be used for protein separation with PEG-dextran polymer phase systems.  Best sep-
aration may be obtained with the eccentric coil assemblies mounted at an off-cen-
ter position and by eluting the column with the PEG-rich upper phase.  Although
the PEG-dextran system yields considerably lower peak resolution than the PEG-
salt system, it can be more universally applied for the separation of proteins.
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