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SUMMARY 

A protein extract from bakers’ yeast has been resolved into several of its en- 
zyme components by counter-current distribution using aqueous polymeric two- 
phase systems comprising water, dextran and polyethylene glycol. The distribution 
of dehydrogenases and kinases has been effectively changed by binding triazine dyes 
(Cibacron Blue F3G-A, Procion Yellow HE-3G and Procion Olive MX-3G) to the 
polyethylene glycol, confined to the upper phase. The effect of the dye ligands on the 
enzymes decreased roughly in the order: phosphofructokinase, (EC 2.7.1.1 l), glucose 
6-phosphate dehydrogenase, (EC 1.1.1.49), glyceraldehydephosphate dehydrogenase, 
(EC 1.2.1.12), alcohol dehydrogenase (EC 1.1.1. l), 3-phosphoglycerate kinase (EC 
2.7.2.3), phosphoglycerate mutase (EC 2.7.5.3), hexokinase (EC 2.7.1.1) and enolase 
(EC 4.2.1.11). However, the distribution of specific enzymes was strongly dependent 
also on the dye concentration. By appropriate selection of conditions, purifications 
of up to lo-fold could be achieved for phosphofructokinase and loo-fold for one of 
the isoenzymes of hexokinase. Furthermore, the two isoenzymes of hexokinase could 
be almost completely separated from each other. The counter-current distributions 
were performed in a newly developed apparatus where the separation of phases was 
enhanced by centrifugation. This allowed 55 transfers to be completed within about 
8 h. 

INTRODUCTION 

Most of the chromatographic methods used for purification of proteins, in- 
cluding ion-exchange, adsorption and affinity chromatography, work on the basis of 
salt-gradient (or ligand) resolvation. The binding of proteins to the solid phase is an 
“either-or” phenomenon, and the eluent can be adjusted so that the protein moves 
more slowly through the column than the liquid phase only in the case of small 
protein molecules. Proteins with higher molecular weights, A4, > 25,000, do not show 
any measurable partition between the solid and the liquid phase. Examples of par- 
tition of proteins between two phases are found in gel chromatography and in the 
so-called aqueous polymeric two-phase systems1s2. The two-phase systems may be 
used for separation of proteins by taking advantage of differences in their distribution 
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between the phases. Since many proteins show a similar partition it has been neces- 
sary to devise various means of directing the distribution of the proteins. Beside the 
choice of saltz4, the partition can be directed by binding of charged groups4,s, hy- 
drophobic groups6 or specific ligands for the protein’+’ to one of the polymers (poly- 
ethylene glycol) present in the upper phase. The latter method has been used for 
purification of phosphofructokinase from yeast lo. For the extraction of kinases and 
dehydrogenases, triazine dyes have been used as ligands. These so-called reactive dyes 
are cheap, easy to bind to the polymers and are commercially available in several 
molecular structures which show great variety in binding to different enzymes’ l. By 
increasing the concentration of polymer-bound ligand the partition of the ligand- 
binding enzymes can be gradually changed 12. In some cases it has been possible to 
alter the partition coefficient selectively by a factor of lo4 by introducing a ligand 
into one of the phases12. Different proteins show different partition responses to the 
ligand13J4, which suggests that it should be possible to resolve them in a ‘multistep 
procedure. 

In the present work we have investigated the potential for protein purification 
of ligand-containing aqueous two-phase systems when combined with a multistep 
extraction, i.e., counter-current distribution. The results show that by appropriate 
selection of ligand and ligand concentration a powerful separation of different pro- 
teins can be obtained. 

MAT&IALSANDMETHODS 

Chemicals 
Polyethylene glycol (PEG) with M, = 65OO-gOOO was purchased from Union 

Carbide (New York, NY, U.S.A.). Dextran, M, = 500,000, was obtained from Phar- 
macia (Uppsala, Sweden). Triazine dye derivatives of PEG were prepared as de- 
scribed earlier12Js using Procion dyes donated by Swedish ICI. Biochemicals and 
auxiliary enzymes were obtained from Sigma (St. Louis, MO, U.S.A.). All other 
chemicals were of analytical grade. 

Two-phase systems 
The systems were prepared from stock solutions of the polymers in water, 40% 

(w/w) PEG and 20% (w/w) dextran. The polymer solutions were weighed out and 
were mixed with buffer, water and sample to give the following final concentrations: 
7% (w/w) dextran and 5% (w/w) polyethylene glycol; 50 mM sodium phosphate 
buffer, pH 7.0; 0.2 mM EDTA and 5 mM 2-mercaptoethanol. The system was equil- 
ibrated at 3°C. 

Yeast extract 
Commercial bakers’ yeast (press yeast, jlstbolaget; Sollentuna, Sweden) was 

homogenized with twice its weight of crushed solid CO2 in a house-hold blender 
equipped with rotating knives. After evaporation of the carbon dioxide, the mixture 
was diluted in 50 mM sodium phosphate buffer, pH 7.0, containing 5 mM 2-mer- 
captoethanol and 0.2 mM EDTA. After centrifugation at 5000 g for 15 min, the main 
part of the proteins in the supernatant was recovered by fractional precipitation with 
PEG as described in detail elsewhere lo. The precipitate obtained between 6 and 12% 
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(w/w) PEG was dissolved in buffer (50 mM sodium phosphate, pH 7.0, 5 mM 2- 
mercaptoethanol and 0.2 mM EDTA) and stored at -30°C. 

Protein &termination 
Protein was assayed according to Bradford16 by using Coomassie Brilliant 

Blue G and its absorption measured at 595 nm using bovine serum albumin as stan- 
dard. 

Enzyme assay 
Enzyme activities were determined photometrically at 340 or 240 nm (enolase 

and phosphoglycerate mutase) using a Hitachi 100-60 double beam spectrophotom- 
eter connected to an LKB 2210 potentiometric recorder. Descriptions of the assays 
are found in the following references: phosphofructokinaser7, glucose 6-phosphate 
dehydrogenase **, 3-phosphoglycerate kinase19, hexokina&O, glyceraldehydephos- 
phate dehydrogenase2 l, phosphoglycerate mutasezz, enolaseZ3 and alcohol dehy- 
drogenase* 4. 

Centrifugal counter-current distribution 
The apparatus has been described in detail elsewhereZ5. The operating unit 

consists of an inner plate with 60 cavities for the upper phases surrounded by an 
outer ring containing corresponding cavities for the lower phases. The volume of 
each of the outer cavities was 0.96 ml. All operations were carried out at 3°C. The 
apparatus was loaded with 1.2 ml of upper phase and 0.8 ml of lower phase in each 
chamber formed by the disk and the ring. The systems in chambers O-2 were loaded 
with yeast extract in the phase system, 25% or 17 mg protein per ml. Fifty-five 
transfers were carried out automatically with shaking for 5 min followed by centrifu- 
gation (80 g) for 3 min after each transfer. When the distribution was complete, 1.8 
ml of 10 mA4 sodium phosphate buffer, pH 7.0, were added to each chamber giving 
one-phase systems which were analyzed for protein and enzyme activities. 

Thin-layer counter-current distribution 
The apparatus used was of the standard type for aqueous polymeric two-phase 

systems1~2~26. The separation of the phases occurred on standing and the heights of 
the systems were only a few millimetres to minimize the separation time. A set of 
plates with 60 chambers was used. The volume of each cavity in the lower plate was 
0.79 ml. One ml of the upper and 0.65 ml of the lower phase were used. The number 
of transfers was 55. The shaking time was 2 min and the separation time 15 min per 
transfer cycle. All steps were carried out at 3°C. The systems were converted into one 
phase by addition of 1.5 ml of 10 mM sodium phosphate buffer after each separation. 

RESULTS 

Counter-current distribution of a protein extract from bakers’ yeast, in a phase 
system containing Cibacron Blue PEG, resulted in a broad protein peak (Fig. la). 
Assays of the enzyme activities revealed drastic differences in the partition behaviour 
of individual enzymes. Thus, phosphofructokinase could bk almost completely sep- 
arated from glucose 6-phosphate dehydrogenase and hexokinase. Furthermore, hex- 



486 G.JOHANSSON, M. ANDERSSON, H-E.AKERLUND 

Hsxokinase 

Glucose 6-phosphate 

Phosphofructokina 

10 

8 

6 

L 

2 

0 

0 10 20 30 60 

Tube number 

50 60 0 10 20 30 LO 50 60 

Tube number 

Fig. 1. C-CCD of yeast extract with 0.5% (0) and 5% (0) of total PEG in the form of Cibacron 
BluePEG. The sample was loaded in tubes O-2. 

okinase showed two peaks, probably representing the isoenzymesz7. When the same 
experiments were performed in the absence of ligand-PEG, most of the material was 
retained within the first 20 tubes, Fig. 3, except for part of the second peak of hex- 
okinase. The phase composition was actually chosen so that most of the proteins 
were partitioned into the lower phase in the absence of ligand-PEG. Thus, the sep- 
aration between the enzyme activities seen in Fig. 1 can be ascribed to the various 
degrees of interaction between the enzymes and the ligand-PEG. 

These counter-current distribution experiments were performed in a newly de- 
veloped apparatus where the phase separation was facilitated by centrifugation (C- 
CCD). When the counter-current distribution was carried out in a conventional ap- 
paratusZ6, where phase separation was facilitated by the use of chambers which allow 
the systems to form thin layers (TL-CCD), a separation effect could also be demon- 
strated (Fig. 2). However, the peaks obtained were much broader and considerable 
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Fig. 2. TL-CCD of yeast extract with 0.5% of total PEG in form of Cibacron Blue-PEG. 

overlap was seen between phosphofructokinase and glucose 6-phosphate dehydrog- 
enase. The difference between C-CCD and TL-CCD was especially pronounced for 
hexokinase, which could be resolved into two peaks by C-CCD while it showed only 
one broad peak in TL-CCD. The basis for these differences can be found in the 
properties of the phase systems used. The combination of high molecular weights 
and high concentrations of the phase-forming polymers results in a high viscosity of 
the lower phase, which is accentuated at the low temperature (3°C) used. Also the 
dye-PEG and the proteins from the sample make the phases more viscous compared 
to normal phase systems without sample. It should in principle be possible to over- 
come this problem by just increasing the time for phase separation in each step. 
However, the 15 min used here for TL-CCD is already inconveniently long. The 
separation time required for C-CCD was only 3 min. Due to differences in shaking 
intensity, the required mixing time in each step was 5 min for the C-CCD machine 
but only 2 min for the TL-CCD machine. Despite this, the C-CCD gave a better 
resolution within about half the time required for the TL-CCD. We therefore used 
the C-CCD technique in the following work. 

As the C-CCD machine utilizes centrifugation (80 g) to facilitate phase sepa- 
ration it is possible that some large particles, with associated proteins, would sedi- 
ment during a run. This possibility could, however, be ruled out for the double peak 
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of hexokinase, since none of these enzyme fractions sedimented during a 30-min 
centrifugation at 34,000 g when diluted five-fold in water. 

Fig. lb shows the distribution of some other enzymes present in the yeast 
extract (same experiment as in Fig. la). Only phosphofructokinase, of the measured 
enzymes (Figs. la and 2), showed high affinity for the upper phase when 0.5% of the 
polyethylene glycol was in the form of the Cibacron Blue F3G-A derivative. The 
other enzymes, however, did not appear in identical positions, thereby showing dif- 
ferences in their partition ratio, G. The G value is defined as the percentage of the 
enzyme (at equilibrium) in the mobile part of the system (main part of the upper 
phase) divided by the percentage in the stationary part (lower phase + small part of 
the upper phase). From the positions of the peaks in the C-CCD diagram, the G 
values have been calculated, Table I, using the approximative relationshipZ8 G = 
i/(n - i), where i is the distance in number of tubes that the enzyme (peak position) 
has moved and n is the number of transfers. Corrections have been made for the fact 
that the sample was loaded in three cavities. 

By increasing the bound ligand concentration ten times, from 0.5 to 5% of the 
total polyethylene glycol, several of the enzymes together with a considerable part of 
the protein are moved further to the right, Fig. 1, because of increased affinity for 
the upper, ligand-containing phase. The most drastic shifts were found for alcohol 
dehydrogenase, glucose 6-phosphate dehydrogenase and glyceraldehydephosphate 
dehydrogenase. The effect on 3-phosphoglycerate kinase was less marked. The G 
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Fig. 3. (Continued on p. 490) 
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Fig. 3. C-CCD of yeast extract with 1% Prccion Yellow-PEG (0), 1% Procion Olive-PEG (0) (of total 
PEG) or with no ligand ( x -- x ). 

values are given in Table I. The separation ability of counter-current distribution 
depends on the volumes of the two phases and the volumes of the stationary and 
mobile phase. However, the ratio between the G values for two components can be 
used as a general measure of the separation capacity. This ratio has been calculated 
for the enzymes relative to the left peak of hexokinase, Table I. Practically all the 
measured enzymes showed increased G values at higher ligand concentrations, but 
to various extents. 

Two other ligands, Procion Yellow HE-3G and Procion Olive MX-3G, have 
been used. The results of the C-CCD using 1% ligand-polyethylene glycol as well as 
with no ligand are shown in Fig. 3. Procion Yellow in general showed greater sep- 
aration effects on most of the enzymes than did Procion Olive, even if the increase 
in the G values varied from one enzyme to another (from a factor of 1.3 for phos- 
phofructokinase to one of 11 for glyceraldehydephosphate dehydrogenase). In con- 
trast, alcohol dehydrogenase was more effectively extracted with Procion Olive. Two 
enzymes, hexokinase and enolase, did not change their position, Fig. 3, when Procion 
Olive was used compared to the case without ligand. The ratio between the G values 
obtained with the two dyes and with one dye relative to no ligand are given in Table 
II. 
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TABLE II 

RELATIVE G VALUES FOR THE ENZYME PEAKS IN FIG. 3 

G., with no l&and; G,, with Procion Yellow HE3G and G,,, with Procion Olive MX3G. 

Hexokinase 2 2.9 1.0 2.9 
Glucose dphosphate dehydrogenase 41 14 2.8 
Phosphofructokinase 64 50 1.3 
Glyceraldehydephosphate dehydrogenase 48 4.5 10.6 
3-Phosphoglycerate kinase 12 2.1 5.5 
Phosphoglycerate mutase 48 4.5 2.0 
Enolase 1.8 1.1 1.7 
Alcohol dehydrogenase 12 2.1 0.64 

DISCUSSION 

The results demonstrate that aqueous two-phase systems containing PEG- 
bound triazine dyes, in combination with counter-current distribution, can be used 
for fractionation of a complex protein mixture. The triazine ligands on PEG not only 
result in the extraction of specific enzymes but different enzymes were extracted to 
various degrees. Thus a separation could be obtained based on the strength of bind- 
ing. Furthermore, the partition of the proteins could be varied by choice of ligand 
and ligand concentration, Table I. In several cases, the CCD diagram also show 
symmetrical peaks which indicate a true partition equilibrium. Unsymmetrical or 
broad peaks (alcohol dehydrogenase, Figs. lb and 3c; glyceraldehydephosphate de- 
hydrogenase, Figs. 1 b and 3b and phosphoglycerate mutase, Figs. 1 b and 3c), present 
in the same C-CCD diagram as symmetrical peaks, indicate that the enzymes seem 
to exist in multiple forms. These enzymes are known to exist in several isoenzymic 
forms2g~30. The unsymmetrical peaks may also be due to interactions with other 
proteins3 l 

The C-CCD technique can be used for purification of enzymes and it has the 
advantage compared with batchwise extraction that no enzyme is lost. This is of 
special importance when the enzyme activity can be split up into several components, 
i.e., isoenzymes. The resolution of the hexokinase activity into two peaks, Figs. la 
and 3a, is an example. The importance of the choice of the ligand so as to obtain a 
high degree of purification can be seen in the case of phophofructokinase, Figs. la 
and 3b. The lower concentration used (0.5% bound ligand) resulted in a high degree 
of purification with 8-10 times higher specific activity, while at higher concentrations 
of ligand the specific activity was lower due to co-extraction of several other enzymes 
having lower binding constants. The fact that most proteins have a low but significant 
affinity for the triazine dyes can also be used for the purification of enzymes which 
do not interact at all. An example is hexokinase I (left peak) which was purified more 
than lOO-fold in the case of Procion Olive, Fig. 3a. 

The results in Fig. 3 have been compared with those from a manual CCD with 
only nine transfersr4. Large differences are noticed for some enzymes on the basis of 
their RF values, i.e., distance of travel of the peak divided with the number of trans- 

@ fers, Table III. The nine-transfer CCD differs from the reported method in having 
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TABLE III 

Rp VALUES FOR THE ENZYMES WITH (FIG. 3) AND WITHOUT LIGANDPEG 

n = Number of transfers used in the counter-current distribution. The values for the manual CCD with 
n = 9 have been calculated from data in ref. 14. 

Enzyme Procion Yellow Procion Olive No ligand 
HE-3G MX-3G 

n=9 n=55 

n=9 n=55 n=9 n=55 

Hexokinase 0.11 1 0.13 0.11 { 0.02 
0.56 0.31 

0 ( 0.02 
0.31 

Glucose aphosphate dehydrogenase 0.89 0.81 0.89 0.71 0 0.15 
Phosphofructokinase 0.78 0.84 0.67 0.80 0 0.07 
Glyceraldehydephosphate dehydrogenase 0.11 0.89 0.06 0.44 0 0.15 
3-Phosphoglycerate kinase 0.28 0.77 0.22 0.38 0 0.22 
Phosphoglycerate mutase 0.65 0.72 0.49 0 0.15 
Enolase 0 0.36 0 0.25 0 0.24 
Alcohol dehydrogenase 0 0.40 0.72 0.51 0 0.22 

higher polymer concentrations (10% dextran and 7% PEG), a 5.6 times higher con- 
centration of bound ligand and a somewhat lower temperature (O’C). Despite this, 
both glucose 6-phosphate dehydrogenase and phosphofructokinase have comparable 
RF values in the two systems. Glyceraldehydephosphate dehydrogenase and 3-phos- 
phoglycerate kinase show, however, much higher RF values for the 5Stransfers CCD. 
This may be due to a relatively strong interaction of the enzymes with other proteins 
favoured by the high polymer concentrations. With the higher number of transfers 
(and with lower polymer concentrations), the assumed protein-protein interactions 
are successively decreased due to dilution. Furthermore, as the ligand-interacting 
protein moves along the CCD train leaving the competing protein behind, the par- 
tition coefficient will gradually increase. In some other cases, alcohol dehydrogenase 
and phosphoglycerate mutase with Procion Olive, the enzymes show lower mobility 
upon 55 transfers, indicating that the ligand concentration was not high enough for 
saturation of the binding. 

The effectiveness of the polymer-bound ligand, in changing the partition coef- 
ficient of an enzyme, increases with the concentration of the two polymers necessary 
to form the two phases i2. High polymer concentrations, however, also make the 
phases very viscous which may cause problems in equilibration and separation of the 
two liquid layers. The results obtained here show that the C-CCD technique is su- 
perior to TL-CCD under such conditions. The time required for C-CCD was less 
than half that for TL-CCD. With equally good separation of the phases, TGCCD 
might need 30-60 min per step using the same two-phase system as employed here. 
In an attempt to increase even further the effectiveness of the ligand-specific extrac- 
tion, higher polymer concentrations were tested (10% dextran and 7% polyethylene 
glycol). A good separation was still achieved but the mixing step was not satisfactory 
(not shown). This is, however, a minor technical problem and adjustments of the 
C-CCD apparatus will in the near future make such experiments possible too. 

. 
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