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ABSTRACT 

The ability of Superdex 200, a gel filtration matrix consisting of dextran-grafted beads, to act as a support for liquid-liquid partition 
chromatography (LLPC) in aqueous polyethylene glycol (PEG)-dextran two-phase systems was examined. The gel adsorbed the 
dextran-rich bottom phase readily and retained it during elution with the PEG-rich top phase. In contrast to LiParGel650, a matrix 
designed for LLPC, the entire Superdex matrix seemed to form an immobilized stationary phase. Ideal partitioning of proteins was 
observed only for molecules partitioning towards the stationary phase on Superdex and for those favouring the mobile phase on 
LiParGel. Hence, the choice of matrix depends on the separation problem at hand. 

INTRODUCTION 

Partitioning in aqueous two-phase systems has 
been used for many years to separate and isolate 
cells, organelles and macromolecules. The method 
may also provide information about conformation- 
al changes ocurring upon interactions between mol- 
ecules [l], as the distribution of a molecule in these 
systems depends on its conformation and general 
surface properties [2-51. By optimizing the compo- 
sition of the phases, separation may be achieved in 
only a few steps. However, finding such optimum 
systems may pose difficulties and in most instances 
multiple extractions are required in order to obtain 
an adequate separation. As this procedure is te- 
dious, various forms of automated counter-current 
extraction have been developed [6-S]. The time re- 
quired for the analyses may be further reduced by 
employing column chromatography. A column 
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chromatographic approach would also increase the 
plate number and, hence, the sensitivity of the 
method. 

An early attempt to immobilize one of the phases 
was made by merely soaking agarose beads in the 
bottom phase of the most thoroughly studied sys- 
tem formed by polyethylene glycol (PEG) and dex- 
tran, using the top phase as a mobile phase [9]. 
Since then, several materials have been studied and 
rejected as supports for liquid-liquid partition 
chromatography in aqueous two-phase systems 
(LLPC) [lo]. In the end, hydrophilic vinyl particles 
grafted with polyacrylamide were found to be able 
to adsorb the dextran-rich bottom phase of PEG- 
dextran systems in amounts sufficient for partition- 
ing [lO,ll]. LLPC on this matrix, LiParGel, has 
been shown to be a powerful tool for the qualitative 
structural analysis of, for instance, immunoglobu- 
lins [12]. 

However, as the bottom phase is adsorbed main- 
ly as microdroplets inside the pores of the LiParGel 
particles [lo], the volume of stationary phase avail- 
able for partitioning of a protein is dependent on its 
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ability to enter the pores. Hence, we were interested 
in finding an alternative support for LLPC in PEG- 
dextran two-phase systems which might be more 
evenly coated than LiParGel. The idea of a matrix 
resembling one of the phases, i.e., an immobilized 
stationary phase, was appealing in order to avoid 
bleeding of the columns. Hubert et aE. [13] have re- 
ported successful fractionations by LLPC on a ma- 
trix to which polyethylene oxide was bound cova- 
lently using a dextran-containing mobile phase. 
However, as was pointed out, the viscosity of dex- 
tran solutions may become a considerable draw- 
back. This problem would be circumvented by 
binding the dextran to the support and eluting the 
columns with the PEG-rich phase, which is less 
cumbersome to handle. 

Superdex was recently developed for size-exclu- 
sion chromatography. The matrix consists of ma- 
croporous agarose beads grafted with dextran. The 
mobility of these chains gives the gel the character 
of a dextran solution bound to the agarose support 
[14]. Hence Superdex particles may be expected to 
provide an immobilized stationary phase for LLPC 
in PEG-dextran systems. 

In this work we compared the properties of Su- 
perdex 200 with those of LiParGel650 with respect 
to their ability to adsorb the dextran-rich bottom 
phase of aqueous PEG-dextran two-phase systems 
and the influence of the supports on the elution of 
proteins in these LLPC columns. 

EXPERIMENTAL 

Materials 
Dextran T 500 (Mr = 500 000) was supplied by 

Pharmacia LKB Biotechnology (Uppsala, Sweden). 
Polyethylene glycol8000 (PEG) (Mr = 6000-7500) 
was obtained from Union Carbide (New York, 
USA). LiParGel650 was a gift from Merck (Darm- 
stadt, Germany) and Superdex 200 prep grade was 
a gift from Pharmacia LKB Biotechnology. Horse- 
radish peroxidase was obtained from Merck and 
whale skeletal muscle myoglobin from Sigma (St. 
Louis, MO, USA). Human albumin, rabbit aldo- 
lase, bovine catalase and bovine thyroglobulin were 
produced by Pharmacia LKB Biotechnology. Hu- 
man transferrin was obtained from Sigma. Human 
immunoglobulin G (IgG) (Sandoglobulin) was ob- 
tained from Sandoz (Basel. Switzerland). Rabbit 

IgG (rabbit anti-human albumin) was supplied by 
Dakopatts (Glostrup, Denmark). 

The two-phase system 
All experiments were performed in a 4.4% (w/w) 

PEG 8000-6.2% (w/w) dextran T 500 two-phase 
system at pH 7.0. The compositions of the phases 
are given in Fig. 1. Two compositions of salts were 
used: 50 mM sodium phosphate-O.l A4 NaCl-0.1 
M glycine (the 0.1 M glycine system) and 10 mM 
sodium phosphate-O. 1 M NaCl-0.2 M glycine (the 
0.2 M glycine system). The concentrations of dex- 
tran in the top and bottom phases were not affected 
by the changes in the salt content as determined 
polarimetrically. Titration of the phases with 1 A4 
HCl and/or 1 A4 NaOH showed that glycine was 
equally distributed between the phases. 

Determination of partition properties 
The partition properties of the proteins were de- 

termined as their partition coefficients in batch ex- 
periments. A 4-g amount of the two-phase system 
described above was thoroughly mixed with 4 mg of 
protein and allowed to separate at 20°C overnight. 
The partition coefficient, Kbatch, was defined in ac- 
cordance with the notation commonly used for 
aqueous two-phase partitioning [2], i.e., 

K batch = Ctop phase/Cboltom phase 

where C,,, phase and Cb&,m phase are the concentra- 
tions of the protein in the top and bottom phases, 
respectively, determined spectrophotometrically at 
280 nm. The presence of polymers in the solvent did 
not affect the molar absorptivities of the proteins. It 
should be noted that no precipitates could be ob- 
served in the interphase after incubation overnight. 

Interactions of proteins with the matrices 
A 3-mg amount of albumin or 2 mg of IgG dis- 

solved in 0.9% NaCl were mixed with 1 ml of gel 
(LiParGel or Superdex) for 1 h at room temper- 
ature. The amount of protein remaining in/on the 
matrix was determined by measuring the concentra- 
tion of the protein in the supernatant spectrophoto- 
metrically at 280 nm (clgo = 1.3 ml mg-l cm- ‘, 
E albumin = 0.6 ml mg-l cm- ‘). 

Preparation of LLPC columns 
The preparation of the LLPC columns is shown 
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Fig. 1. Schematic diagram of the preparation of LLPC columns. The chrornatograms for the references, peroxidase and myoglobin, on 
(solid line) Superdex and (dashed line) LiParGel, respectively, obtained in the 0.1 M glycine system are shown. 

schematically in Fig. 1. The two-phase system, pre- 
pared as described previously [ 151, was equilibrated 
at 20°C for 72 h and the clear phases were separat- 
ed. The matrix, LiParGel650 or Superdex 200 prep 
grade, was allowed to equilibrate with the dextran- 
rich bottom phase (stationary phase) at room tem- 
perature. Excess of bottom phase was removed by 
rinsing the coated matrix with the PEG-rich top 
phase (mobile phase). The coated matrix was sus- 
pended in 3-4 volumes of mobile phase and poured 
into a thermostated (20°C) glass column (35 x 1 cm 
I.D.) with a filling reservoir. The columns were 
packed at a flow-rate of 0.2-0.6 ml min-’ and 
equilibrated with about 3 volumes of the mobile 
phase at a flow-rate of 0.2 ml min- ’ until the el- 
uates were almost clear. Samples were applied in 1 .O 
ml of mobile phase with the addition of about 5 mg 
of glycine. Eluates were monitored continuously at 
280 nm. 

In order to examine the ability of Superdex to act 
as a stationary phase in itself, uncoated Superdex 
200 was packed in a column and equilibrated with 
7.2% PEG-50 mM sodium phosphate-O.1 A4 

NaC1-0.1 M glycine (pH 7.0) (i.e., a solution corre- 
sponding to the top phase of the 0.1 M glycine sys- 
tem but without any dextran). Samples were ap- 
plied to the column as described above. 

Calculations 
The parameters of the LLPC columns were deter- 

mined as described earlier [lo] using peroxidase and 
myoglobin as references. The distribution of the ref- 
erences between the phases in the LLPC column 
was assumed to be identical with their partitioning 
in batch, i.e., the inverted value of Kbatch equalled 
Kc for the references, where Kc is the ratio of the 
concentration of a molecule in the stationary (dex- 
tan-rich) phase to that in the mobile (PEG-rich) 
phase: 

KC = Cstationary phase/Cmobile phase 

The volumes of the stationary and mobile phases, 
I’s and VM, were calculated from the retention vol- 
umes for the references, I’,, according to 

VR = V, + KcVs (1) 
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The standard deviation of the retention volumes for 
the two references was less than 5%. The volumes 
of stationary and mobile phases were averaged for 
all columns used, accounting for the number of runs 
on each column, with a variation less than 6% of 
the column volume. 

The plate number, N, was calculated from the 
peak width at half-height (w,J of the myoglobin 
peak according to 

N = 554(V,/W,)* (2) 

The resolution, R,, of the peroxidase and myoglo- 
bin peaks was calculated as 

R, = ($V4)Ml + Ml@ - 1) (3) 

where k is the capacity factor and c1 is the ratio of 
the partition coefficients of the references (a = 
K batch, peroxidase/~batch, myoglobin). 

In order to facilitate the comparison of chro- 
matograms from columns with different parame- 
ters, the retention volume of each component was 
expressed as Kc using eqn. 1. In cases where the 
protein was fractionated into more than one com- 
ponent by LLPC, Kc was calculated from the aver- 
age retention volumes for all components. 

RESULTS 

The properties of Superdex as a support for 
liquid-liquid partition chromatography (LLPC) 
was compared with those of LiParGel in a salt-con- 
taining aqueous two-phase system formed by poly- 
ethylene glycol8000 (PEG) and dextran T 500. The 
two compositions of salts used are referred to as 0.1 
M glycine and 0.2 A4 glycine as described under 
Experimental. The changes in the salt content did 
not affect either the volume ratio of the two-phase 
system or the composition of the phases, as indicat- 
ed by a constant concentration of dextran. Titration 
of the phases showed that glycine was equally dis- 
tributed. However, the distribution of the proteins 
tended to shift towards the dextran-rich phase in 
the 0.2 M glycine system (Table I). 

In order to examine the ability of the dextran- 
grafted Superdex particles to form a two-phase sys- 
tem with a PEG-containing mobile phase, albumin, 
human IgG (HIgG) and the two references, perox- 
idase and myoglobin, were applied one by one on a 
Superdex column equilibrated with a solution cor- 

TABLE I 

SIZE, NET CHARGE AND PARTITIONING PROPERTIES 
OF THE PROTEINS STUDIED, TAKEN AS THE RELA- 
TIVE MOLECULAR MASS, THE ISOELECTRIC POINT 
(IEP) AND THE PARTITION COEFFICIENTS DETER- 
MINED IN BATCH EXPERIMENTS, RESPECTIVELY 

Protein 

0.1 M 0.2 M 
glycine glycine 

Thyroglobulin 670 000 4.5 0.92 0.70 
Catalase 230 000 5.4 0.69 0.40 
Aldolase 160 000 6.1 0.48 0.32 
RIgG 160 000 5.8 1.3 1.1 

HIgG 160 000 6.8 0.66 0.67 

Transferrin (-Fe) 80 000 6.2 0.46 0.27 

Albumin 70 000 4.9 0.32 0.21 
Peroxidase 40 000 7.2 1.2 1.1 
Myoglobin 17000 7.0 0.61 0.56 

responding to the top phase of the 0.1 M glycine 
system but without any dextran. Although the sep- 
aration was poor, the retention volumes for the four 
proteins differed slightly (Fig. 2). However, the re- 
tention volumes could not be correlated either to 
the partition properties of the proteins or to their 
sizes (Table I), in spite of Superdex being a gel fil- 
tration matrix. The volume of stationary phase per 
unit column volume, calculated from eqn. 1, was 
only 0.06 ml ml- ‘. Using the complete top phase of 
the equilibrated two-phase system as a mobile 
phase did not improve the resolution, indicating 

f%so t 
P.31 b 

zj ,~. ,c 

0 20 40 60 

Retention volume (ml) 

Fig. 2. Chromatogram for (a) peroxidase, (b) myoglobin, (c) al- 
bumin and (d) HIgG (0.X-l. 1 mg) obtained on Superdex 200 in 
7.2% PEG 800&50 mM sodium phosphate-O. 1 A4 NaCll-O.1 A4 
glycine (pH 7.0). 
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TABLE II 

PARAMETERS OF THE COLUMNS USED 

Vc = column volume (ml); V, = volume of the stationary phase (ml); V, = volume of the mobile phase (ml); N = plate number per 
metre; R, = resolution of peroxidase and myoglobin; n = number of runs (number of columns) for which the values are averaged. 

Column System v,iVc VulVc R, n 
(ml ml-i) (ml ml- ‘) 

Superdex 200 0.1 M glycine 0.44 f 0.01 0.71 f 0.02 1700 f 300 1.9 f 0.2 4(2) 
0.2 A4 glycine 0.28 f 0.04 0.81 f 0.06 1800 f 300 1.2 f 0.2 18(7) 

LiParGel650 0.1 M glycine 0.37 f 0.03 0.46 f 0.03 1000 f 200 1.5 f 0.2 20(10) 
0.2 A4 glycine 0.32 f 0.01 0.40 f 0.01 1080 f 150 1.7 f 0.2 6(3) 

that the amount of dextran on the Superdex parti- 
cles was not large enough to form a two-phase sys- 
tem with the PEG-containing mobile phase. Thus, 
in order to obtain sufficient amounts of the two 
phases to allow a separation based on partitioning 
in this system, the Superdex particles were coated 
with the bottom phase of the PEG-dextran two- 
phase system. The preparation of LLPC column is 
depicted schematically in Fig. 1. 

The parameters of the Superdex LLPC columns 
were calculated as described under Experimental 
and compared with those of LiParGel columns (Ta- 
ble II). The variation in the volumes of the station- 
ary and mobile phases in a column, averaged for the 
columns used in this study, was less than 6% of the 
column volume for either of the matrices. 

The volume of stationary phase adsorbed on the 
Superdex per unit column volume was smaller in 
the 0.2 M than in the 0.1 M glycine system. The 
changes were even more pronounced at slightly ele- 
vated pH (data not shown), indicating the involve- 
ment of ionic interactions in the coating of this ma- 
trix. It was also of interest that the total volume of 
the two phases equalled the column volume, indi- 
cating an extremely small volume of the support. In 
contrast to Superdex, the coating of LiParGel was 
only slightly affected by changes in the concentra- 
tion of salts (Table II). Although the volume ratio, 
i.e., the ratio of the stationary to the mobile phase, 
was constant, the total volume of the phases in the 
LiParGel columns was slightly smaller in the 0.2 M 
glycine system. This may indicate a swelling of the 
matrix in the presence of higher concentrations of 
salts. 

Proteins were generally found to have a larger 
retention volume on the Superdex columns than on 

LiParGel, which is exemplified by the chromato- 
gram for the two references in Fig. 1. The resolution 
of the two reference proteins decreased with de- 
creasing volume of stationary phase on Superdex, 
in spite of a constant plate number, whereas the 
reverse tendency was observed on LiParGel (Table 
II). As the flow-rate was similar in all experiments, 
the larger plate number in the Superdex columns 
indicated a larger surface area of stationary phase 
available for partitioning on these particles. 

Fig. 3 shows the chromatogram for albumin, 
HIgG and rabbit IgG (RIgG) obtained by LLPC on 

Superdex 

KC 

LiPatGel 

1 albumin 

& = 0.51 

L_l!_ 
IugG 

$ =O.% !!!L_J 
1 2 3 4 5 

KC 

Fig. 3. Chromatograms for albumin, HIgG and RIgG (0.61.0 
mg) obtained on Superdex and LiParGel in the 0.1 M glycine 
system. The average retention volume for each protein is given as 
an inverted value of Kc, which may be compared with Kbarch. 
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Fig. 4. Chromatogram for RIgG obtained on LiParGel in the 0.2 
M glycine system. The average retention volume is expressed as 
Ulu,. 

Superdex and LiParGel in the 0.1 M glycine system. 
The retention volumes were expressed as Kc (see 
Experimental) in order to facilitate the comparison 
of chromatograms obtained from columns with dif- 
ferent parameters. Human albumin was eluted as a 
single peak on both matrices. IgG was fractionated 
into three poorly resolved components on LiParGel 
whereas Superdex gave a two-peak pattern, the 
peak with the largest retention volume being very 
broad. The elution profiles obtained in the 0.2 M 
glycine system were similar to those obtained in the 
0.1 M system for all proteins except RlgG. On Li- 
ParGel, the characteristic three-peak pattern usu- 
ally obtained for immunoglobulins on this matrix 
was shifted for RIgG into a pattern completely 
dominated by a peak with a small retention volume 
(Fig. 4). The difference between the elution patterns 
for IgGs on Superdex and those on LiParGel in- 
dicated a profound influence of the properties of the 
support on the results obtained by LLPC. 

In order to evaluate the influence of the matrices 
on LLPC of proteins, the retention volumes were 
compared with those calculated from eqn. 1, 
V R, talc., using the inverted values of Kbatch as Kc. A 
plot of the calculated retention volumes against the 
inverted values of Kbatch is linear, the slope and the 
intercept of the line equalling the volumes of sta- 
tionary and mobile phases, respectively. In Fig. 5, 
the calculated retention volumes for albumin, 
HIgG and RIgG are plotted together with those 
obtained experimentally, averaged for duplicate ap- 
plications. It should be stressed that for IgG, and 
also for any protein that was fractionated into more 
than one component, all calculations refer to the 
average retention volume for the entire population. 

VR 
(ml) 

b 

I- 
1 2 3 4 5 1 2 3 4 5 

%atch l/K balch 

Fig. 5. Retention volumes calculated from eqn. 1 using the in- 
verted values of Kbalc,, as Kc (open symbols) as a function of the 
inverted values of KbrLch, plotted together with the experimental- 
ly obtained retention volumes (closed symbols), for (a) Superdex 
and (b) LiParGel. The slope and the intercept of the lines equal 
the volumes of stationary and mobile phases, respectively, aver- 
aged for all columns used in each system referring to a column 
volume of 25 ml. I = RlgG: 2 = HlgG: 3 = albumin. 

The retention volume for albumin on Superdex 
agreed with the calculated value whereas the IgGs 
were strongly retarded (Fig. 5a). In contrast, where- 
as the average retention volumes for IgG on Li- 
ParGel were in accordance with the theoretical val- 
ues, the retention volume obtained for albumin on 
this matrix was considerably smaller than the calcu- 
lated value (Fig. 5b). The results might be due to 

TABLE III 

AMOUNT OF ALBUMIN OR HUMAN IgG RETAINED 
IN/ON SUPERDEX 200 AND LIPARGEL 650 IN THE AB- 
SENCE OF PHASE-FORMING POLYMERS 

The proteins were added in excess to 1 ml of gel in 0.9% NaCI. 
The exclusion limits of the matrices are M, 600 000 and 
5 000 000, respectively. 

Column Amount of protein retained 
(nmol ml-’ gel) 

Albumin Human IgG 

Superdex 200 8.1 11 

LiParGel 650 5.1 5.9 
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differences in the capacity of the matrices or to an 
affinity of the proteins for the Superdex particles. In 
order to examine this point, HIgC and albumin 
were mixed with Superdex or LiParGel at low ionic 
strength (0.9O/, NaCl) in the absence of phase-form- 
ing polymers. Superdex was found to retain more 
protein than LiParGel (Table III). Furthermore, 
whereas LiParGel retained equimolar amounts of 
both proteins, the interaction of Superdex with IgG 
appeared to be stronger than that with albumin. 

In an attempt to elucidate the properties respon- 
sible for the partitioning of proteins on the two ma- 
trices, another four proteins (aldolase, catalase, thy- 
roglobulin, and transferrin) were applied to the col- 
umns. The salt concentrations were chosen to give 
the least ideal conditions in order to emphasize the 
deviations, i.e., the 0.1 A4 glycine system on LiPar- 
Gel and the 0.2 M system on Superdex (cJ, Fig. 5). 
The differences between the obtained retention vol- 
umes and the calculated values are shown in Fig. 6 
as a function of the inverted values of Kbatch. This 
difference may be considered to describe the influ- 
ence of the chromatographic system on the parti- 
tioning of the molecules. The deviation from ideal 
elution of proteins on Superdex was not related to 

2 3 4 

Fig. 6. Differences between the experimentally obtained reten- 
tion volumes (V,) and those calculated as described in Fig. 5 

(Vs. Wk.) as a function of the inverted values of Kbltfh for (a) 
Superdex in the 0.2 M glycine system and (b) LiParGel in the 0.1 
M system. a = RIgG; b = thyroglobulin; c = HIgG; d = 
catalase; e = aldolase; f = transferrin; g = albumin. 

either the partition properties in batch of the mole- 
cules or their isoelectric points (cJ, Fig. 6 and Table 
I). However, large proteins (Mr > 100 000) seemed 
to be retained whereas small molecules (Mr < 
100 000) were eluted as expected. The discrepancy 
between the experimentally obtained retention vol- 
ume and the calculated value decreased slightly for 
RIgG at higher concentrations of salts whereas it 
increased for HIgG. Hence the unexpected elution 
behaviour on Superdex was not related merely to 
the size or shape of the protein. 

On LiParGel, the retention volumes agreed fairly 
well with the expected values although there was a 
tendency for early elution of molecules partitioning 
towards the dextran-rich phase, e.g., albumin (Fig. 
6). The deviation of albumin from the calculated 
retention volume was larger at higher concentra- 
tions of salts and even more pronounced at pH 4.5 
(data not shown), which is close to the isoelectric 
point of the molecule. This observation would elim- 
inate the possibility of an electrostatic repulsion of 
albumin from LiParGel in the LLPC columns. 

DISCUSSION 

We have previously used LiParGel650 as a sup- 
port for liquid-liquid partition chromatography of 
immunoglobulins in aqueous PEG-dextran two- 
phase systems at pH 7.0 [12]. The hydrophilic vinyl 
particles grafted with polyacrylamide are able to re- 
tain the dextran-rich bottom phase of PEGdextran 
two-phase systems during elution with the PEG- 
rich top phase as a mobile phase [ 111. Superdex has, 
to our knowledge, so far been used only as a matrix 
for size-exclusion chromatography. The gel consists 
of macroporous agarose beads with an average size 
similar to that of the LiParGel particles (3&36 pm) 
[11,14]. The exclusion limit is reduced by binding 
dextran covalently to the surface of the beads and 
also to the walls of the pores. As these dextran 
chains retain a large degree of mobility, Superdex 
may be regarded as a solution of dextran immobi- 
lized to the agarose support [14]. Thus, resembling 
the bottom phase of PEGdextran systems closely, 
Superdex would be expected to form a two-phase 
system with a PEG-containing mobile phase, i.e., to 
constitute an immobilized stationary phase for 
LLPC. This expectation was supported by the fact 
that the elution of proteins on Superdex in a salt- 
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containing solution of PEG was not related to their 
sizes (Fig. 2). However, the amount of dextran on 
the particles seemed to be insufficient to give an ade- 
quate resolution of proteins upon LLPC in the two- 
phase system used. 

The coating of LiParGel is suggested to be due to 
the strong incompatibility of the polyacrylamide on 
the particles with PEG in the mobile phase rather 
than to an attraction of the dextran-rich phase to 
the matrix [lo]. However, the volume of the station- 
ary phase adsorbed on the matrix was found to be 
smaller at pH 4.5 than at neutral pH, indicating the 
involvement of electrostatic forces between the sta- 
tionary phase and the LiParGel particles. This is in 
accordance with the observation of negative charg- 
es on LiParGel by others [16]. 

The stationary phase is considered to be ad- 
sorbed on LiParGel mainly as microdroplets inside 
the pores [lo]. The exclusion limit for globular pro- 
teins on LiParGel being J4,5000 (information leaf- 
let from Merck), all proteins used in this study 
should be able to penetrate the pores to gain access 
to the stationary phase. Nevertheless, large mole- 
cules may be partially excluded as the distribution 
of pore sizes of supports based on organic polymers 
easily ranges over one order of magnitude [15]. 
Considering the size of the phase-forming poly- 
mers, the accessibility of a molecule to the inside of 
the particles may be further reduced by the poly- 
mers in the stationary phase blocking the pores. 
However, the deviation from ideal elution observed 
on LiParGel could not be ascribed merely to exclu- 
sion phenomena (cJ, Fig. 6 and Table I). 

Coating Superdex, we found that the matrix 
readily adsorbed the dextran-rich bottom phase of 
our two-phase system. This may seem surprising as 
dextran has been shown to elute well on Superdex in 
ordinary gel filtration buffers [14]. However, in the 
presence of PEG, the formation of a two-phase sys- 
tem would be expected as outlined above. The ad- 
sorption of the bottom phase may be due simply to 
mixing of dextran in the phases with that on the 
particles, which would give a phase system with a 
composition different from that of the original sys- 
tem. Hence the comparison of the observed elution 
behaviour on this matrix with that expected from 
the partitioning properties observed in batch exper- 
iments may be inaccurate. The chemical properties 
of the covalently bound dextran chains may also 

differ from those of free dextran in solution owing 
to processing during the preparation of the matrix, 
implying the possibility of a three-phase system 
formed by immobilized dextran, free dextran and 
PEG, or by the core of the matrix (agarose), dex- 
tran and PEG. 

As the dextran is bound both on the surface of 
the particles and on the walls inside the pores [14], 
the stationary phase would be more evenly distrib- 
uted and more easily accessible on Superdex than 
that of LiParGel. The larger plate number for Su- 
perdex columns, in spite of similar flow-rates, also 
implies a larger surface of stationary phase avail- 
able for partitioning. The total volume of phases in 
the Superdex columns was found to be equal to the 
column volume. This is in accordance with the ex- 
tremely small relative volume of the matrix, i.e., the 
volume of the support divided by the total volume 
of the support and the pores, reported [14]. Hence 
the entire support may be regarded as an immobi- 
lized stationary phase for LLPC. 

In contrast to LiParGel, the degree of coating of 
Superdex was markedly reduced at higher concen- 
trations of salts. In addition, the volume of the sta- 
tionary phase was smaller at elevated pH (pH 8.2) 
indicating the involvement of ionizable groups with 
pK, values in the range 7-8 in the adsorption of the 
stationary phase. 

The influence of the supports on LLPC of a set of 
proteins was examined. For each matrix, the salt 
composition giving the least ideal results was cho- 
sen in an attempt to emphasize the deviations from 
ideal partitioning. It should be noted that the parti- 
tioning of a protein in PEG-dextran systems is re- 
lated to the surface properties of the molecule, e.g., 
its charge, size, shape and hydrophobicity [2-5, 121. 
Hence the retention of a protein on an LLPC col- 
umn is governed by a combination of these, and 
probably other still unknown, properties unless the 
experiment is designed to select a single parameter. 

The retention volumes obtained on LiParGel 
were generally slightly smaller than those calculated 
and the deviation was more pronounced for mole- 
cules partitioning towards the bottom phase (Fig. 
6). The differences between the experimentally ob- 
tained retention volume for a molecule and the cal- 
culated value may reflect a distortion of its confor- 
mation due to the repeated translocation over the 
interphase. It is conceivable that this effect would be 
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more pronounced for molecules favouring the dex- 
tran-rich stationary phase. However, as these mole- 
cules were found to elute earlier than expected, the 
non-linearity may rather be ascribed to non-equilib- 
rium conditions in the columns due to difficulties in 
passing the interphase, i.e., proteins are not allowed 
to partition properly between the phases. 

On Superdex, all proteins except the smallest 
were eluted with a larger retention volume than that 
calculated (Fig. 6). The influence of the carboxyl 
groups present on Superdex on the retention of pro- 
teins may be neglected at ionic strengths higher 
than 0.2 M [ 171, which agrees with the lack of corre- 
lation between the retention of a molecule and its 
net charge (Fig. 6). A more plausible explanation 
for the retardation of large molecules emerges from 
the view of the phases as a network of polymers. In 
contrast to the situation in the LiParGel columns, 
this network is “immobilized” and fairly rigid in 
Superdex columns, restricting the free movement of 
large molecules. This hypothesis is supported by the 
extreme retention of thyroglobulin although the de- 
viations from ideal elution could not be ascribed 
solely to the size of the molecules (Fig. 6). Taken 
together, LLPC of a molecule both on Superdex 
and on LiParGel is likely to reflect a combination of 
its surface properties, although the two matrices 
influence the partitioning in different ways. 

The non-ideal partitioning of proteins on the two 
matrices might apply also to the two proteins used 
as references, peroxidase and myoglobin. In order 
to determine the parameters of a column properly, a 
set of standard proteins should be used, which has 
previously been pointed out by others [16]. Thus, 
the comparison of the parameters of Superdex col- 
umns ‘with those of LiParGel columns may be de- 
ceiving. However, as the retention volume for each 
protein is related to those for the references run on 
the same column, the elution behaviour relative to 
the other molecules would not be affected. 

Although the parameters governing the parti- 
tioning in the columns are still obscure, LLPC has 
turned out to be a powerful and yet simple method 
for aquiring qualitative information concerning the 
conformation of molecules and also conformation- 
al changes following interactions between mole- 

cules (unpublished observations). Here, we have 
shown that LLPC of proteins on LiParGel agrees 
fairly well with the partition properties of molecules 
favouring the PEG-rich phase whereas ideal elution 
was observed on Superdex only for molecules parti- 
tioning towards the dextran-rich phase. However, 
the deviations from ideal behaviour are not neces- 
sarily a disadvantage but may be exploited as an 
additional parameter for separation. Hence the two 
matrices are complementary to each other and the 
choice depends on the separation problem at hand. 

ACKNOWLEDGEMENT 

This work was supported by grants from the 
Swedish National Board for Technical Develop- 
ment. 

REFERENCES 

1 L. Backman, in H. Walter, D. E. Brooks and D. Fisher (Edi- 
tors), Partitioning in Aqueous Two-Phase Systems, Academic 
Press, Orlando, FL, 1985, pp. 267-314. 

2 P.-A. Albertsson, Partition of Cell Particles and Macromole- 
cules, Wiley, New York, 3rd ed., 1986. 

3 G. Johansson, in H. Walter, D. E. Brooks and D. Fisher 
(Editors), Partitioning in Aqueous Two-Phase Systems, Aca- 

demic Press, Orlando, FL, 1985, pp. 161-226. 
4 P.-A. Albertsson, J. Chromatagr., 159 (1978) 111. 
5 H. Walter, G. Johansson and D. E. Brooks, Anal. Biochem., 

197 (1991) 1. 
6 B. Andersson and H.-E. Akerlund, Biochim. Biophys. Acta, 

503 (1978) 462. 
7 P.-A. Albertsson, B. Andersson, C. Larsson and H.-E. Aker- 

lund, Methods Biochem. Anal., 28 (1982) 115. 
8 H.-E. Akerlund, J. Biochem. Biophys. Methoris, 9 (1984) 133. 
9 H. S. Anker, Biochim. Biophys. Acta. 229 (1971) 290. 

10 W. Miiller, Liquid-Liquid Partition Chromatography of Bio- 
polymers, GIT, Darmstadt, 1988. 

11 W. Miiller, Eur. J. Biochem., 155 (1986) 213. 
12 U.-B. Hansson, K. Andersson, Y. Liu and P.-A. Albertsson, 

Anal Biochem., 183 (1989) 305. 
13 P. Hubert, R. Mathis and E. Dellacherie, J. Chromatogr., 539 

(1991) 297. 
14 L. Kagedal, B. Engstriim, H. Ellegren, A.-K. Lieber, H. 

Lundstrom, A. Skiild and M. Schenning, J. Chromatogr., 537 
(1991) 17. 

15 W. Miiller, Bioseparation, 1 (1990) 265. 
16 A. Walsdorf and M. R. Kula, J. Chromatogr., 542 (1991) 55. 
17 I. Drevin, L. Larsson, I. Eriksson and B.-L. Johansson, J. 

Chromatogr., 514 (1990) 137. 


