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Abstract

The influence of chloride salts of Na+, Rb+ and Cs+ at concentrations from 0.15 to 1.2 M was studied with bovine albumin, trypsin,
o osphate at
p
S me of
p thylene
g ich phase.
N the
p e presence
o
©

K

1

a
s
P
u
t
p
p

s
m
m

vided
the
the
on-
been

The
nding
dded.
tem
d the
ase
ture
ctor
the
ain

eract

1
d

voalbumin and lysozyme partitioning in an aqueous two-phase system formed by polyethyleneglycol 1500 and potassium ph
H 7.4. Monovalent cations favoured the protein transfer to the polyethyleneglycol rich phase in the following order: Rb+ > Na+ > Cs+.
tructure making cations as Na+ induced a poor loss of structured water, producing little diminution of the molar partial specific volu
olyethyleneglycol, while Rb+ and Cs+, structure breaking cations, induced a significant decrease in the specific volume of the polye
lycol. The increase of available solution free volume in the top phase favours the protein transfer to the polyethyleneglycol r
a+ and Rb+ induced a slight decrease in the alpha helix content of the proteins, while Cs+ increased the secondary structure for all
roteins. All the cations induced a decrease in the hydrophobic surface of the proteins, this effect was more significant in th
f Cs+.
2004 Elsevier B.V. All rights reserved.
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. Introduction

It is widely known that flexible chain polymers in
queous solution are able to form an aqueous two-phase
ystem where proteins have the capacity of partitioning.
olyethyleneglycol-phosphate is the system most frequently
sed in the biotechnology of protein isolation and purifica-

ion due to its low cost and the possibility of recycling com-
onents. The method is based on the different affinity for
roteins in one of the phases[1]. Several theories for phase

Abbreviations: CD, circular dichroims; ANS, 1 anilino-8-naphthalen
ulfonate magnesium salts; BSA, bovine serum albumin; OVA, ovoalbu-
in; LZ, lysozyme; TRY, trypsin; PEG1500, polyethyleneglycol of average
olecular mass 1500.
∗ Corresponding author. Fax: +54 341 480 4598.
E-mail address:gpico@fbioyf.unr.edu.ar (G. Picó).

separation behaviour of macromolecules have been pro
[2]: the excluded volume theory, the lattice theory and
interaction polymer–protein theory which is based on
Flory–Huggins theory. However, the role of water that c
stitutes the bulk of the two-phases in these systems has
not considered as participating in the protein partitioning.
structure of water is altered in an aqueous solution, depe
on the chemical nature and concentration of the solute a
Zaslavsky et al.[3] studied the aqueous two-phase sys
formation process from a non-ionic polymer and stresse
role of water structure as a factor controlling the two-ph
formation. The phase separation in a two polymer mix
is a fine balance of water–polymer interaction, so any fa
that modifies this interaction will induce a modification in
binodial diagram. Since a non-ionic flexible polymer ch
such as polyethylenglycol (PEG) has a tendency to int

570-0232/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
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with water throughout the hydrogen bond and form structured
water around the ethylene chain, any factor that modifies the
water structure will induce a modification in the quality of
this.

Some factors drive the protein partitioning process in
aqueous two-phase systems such as: the interphase electri-
cal potential[1], the molecular mass and hydrophobic sur-
face area of the protein, the polymer molecular mass, etc.
Except for the first factor, the other ones are all included in
the protein flexible chain polymer interaction[4]. Therefore,
the structured water should play an important role in driving
the protein partitioning and so this should be reflected in the
partition coefficient value of the protein.

It is known that salts modify the water structure[5] which
interacts with hydrophilic polymers and proteins, thereby
modifying the interaction between them. This effect has been
used in many works to modify the partition coefficient value
of a desired protein in favour of top or the bottom phases,
increasing the recovery of the protein by the liquid–liquid
extraction method. Previous publications have shown that
the partition coefficient can be increased quite dramatically
when higher concentrations of NaCl are added to aqueous
two-phase systems. This effect has been attributed to a pos-
sible hydrophobic interaction.

Schmidt et al.[6] have used NaCl at 1–10% w/w con-
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2.2. Preparation of the aqueous two-phase system

Stock solution of the phase component PEG1500 40%
w/w, and 24.8% w/w potassium phosphate solution were
mixed in order to obtain 3 g of total system composition of
12.83% w/w phosphate and 12.4% w/w PEG1500, pH 7.40
according to the binodal partition diagram reported by Za-
slavsky[5]. Then, low-speed centrifugation was used to in-
crease phase separation through a gentle mixing of the system
components. Then 1 ml of each phase (top and bottom) was
mixed to reconstitute several two-phase systems in which the
protein partition was assayed.

2.3. Determination of the partition coefficient (K)

The partition coefficient of the proteins between both
phases was analyzed by dissolving increased amounts of
protein solution 1000�M (5–15�l) in the two-phase pre-
formed system containing 3 ml of each equilibrated phase,
the change of the total volume of each phase being neg-
ligible. After mixing by inversion for 1 min and leaving
it to settle for at least 30 min, the system was centrifuged
at low-speed for adequate phase separation. Samples were
withdrawn from separated phases and the protein content in
e tion at
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entration (about 0.2–2 M) to induce the amylase part
n favour of the polyethyleneglycol rich phase and thu
ncrease the amylase recovery. Oliveira et al[7] used NaC
oncentration 0.1–1 M on the liquid–liquid extraction met
or trypsin to increase the protein partition coefficient. G
t al. [8] used NaCl 3% w/w to obtain a purification fac
f 25 in the human interferon alpha 1 from recombinantEs-
herichia coli.

This study focuses on the protein partition behaviou
EG1500 potassium phosphate aqueous two-phase sy

n the presence of various monovalent cations of chloride
hat affect the water structure. The role of the salt conce
ion on some physical protein parameters such as perce
f alpha helix and hydrophobic surface has also been

ed to elucidate the molecular mechanism which cont
he protein partitioning PEG1500 has been selected be
s one of the most popular polyethylenglycol derivati
sed.

. Materials and methods

.1. Chemicals

Lysozyme (LZ), trypsin (TRY), ovoalbumin (OVA
ovine serum albumin (BSA), polyethylene glycol of aver
olecular weight 1500 (PEG1500) and 1-anilino-8 naph

ene sulfonate magnesium salts (ANS) were purchased
igma Chem Co. (St. Louis, USA) and used without fur
urification. All the other reagents were of analytical qua
s

ach phase was determined by measuring the absorp
80 nm after dilution. The partition coefficient was defi
s:

= [P ]top

[P ]bottom
(1)

here: [P]top and [P]botton are equilibrium concentrations
he partitioned protein in the PEG and phosphate enri
hases, respectively. In the assayed protein concent
ange, a plot of [P]top versus [P]bottom showed a linear be
avior,K being its slope. Absorbance measurements
ade on a Spekol 1200 spectrophotometer.

.4. Measurements of the protein surface hydrophobici
So)

Proteins at 1000�M concentration were prepared
0 mM phosphate buffer pH 7.4. Aliquots of the protein w
dded to a sample containing 3 ml of the corresponding

ibrated phase (top or bottom) and 2.5 ml of ANS stock s
ion 8 mM. The final ANS concentration was 20�M while the
rotein concentration varied from 0 to 3 mM. Relative fl
escence intensity was measured at a Jasco FP 770 spe
rometer, the excitation and emission wavelengths were
nd 470 nm, respectively. Under the above mentioned c

ions with excess probe (ANS), the initial slope (So) of
uorescence intensity vs. protein concentration plot has
hown to be correlated to the relative surface hydrophob
f the protein[9].
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2.5. CD measurements

Circular dichroism spectra (CD) were performed in a Jasco
815 dichrograph, using a thermostatized cuvette of 10 or
1 mm of pathlength (according to the spectrum region). A
repetitive scanning of five cycles was used for the determina-
tion of the alpha helix content for the four proteins assayed
in a PEG1500 7% w/w medium in the presence of increasing
concentration of Na+, Rb+ and Cs+. Control of these cations
was carried out in the absence of proteins. The percentage of
alpha helix was calculated according to[10].

2.6. Measurements of the partial molar specific volume
(v2) of PEG1500

v2 is the volume variation of solution when the mass of
PEG1500 is increasing (∂V/∂m2)P , T , nj at constant pressure,
temperature and other components. It was determined by den-
sity measurements using the following equation[11]:

ν2 = (1 − ∂δ/∂c2)

ρo (2)

whereρ andρo are the density of the solution and the sol-
vent respectively andc2 the concentration of PEG solution
measured in grams of PEG per ml of solution. Density mea-
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to be constant for ion concentrations larger than 0.1–0.2 M
[12]. This effect has been found at a low ion concentration
(10–100 mM). Therefore, the influence of
ψ on the pro-
tein partition is observed only at low ion concentration. A
tendency to protein partition would not be caused by a
ψ

variation in this case because, when the ion concentration
increases, theK value for all proteins studied increases in a
similar way. This suggests that it is regardless of the cation
type. Shibukawa et al.[13] have measured the partitioning
coefficient of different salts in PEG phosphate systems. They
found that the most hydrophobic ions tend to go to the rich
PEG phase. Two well defined effects can be observed from
Fig. 1. Firstly, Rb+ is the cation which strongly induced the
protein transfer to the PEG rich phase. Secondly, theK versus
salt concentration curves reached, in general, a plateau at high
salt concentrations. This last finding suggests the presence of
a process associated to a saturation effect.

From the thermodynamic point of view, the salt effect on
the protein partitioning can be analyzed applying the linked
function relationship developed by Wyman and Gill[14]. It
has been shown that for any reaction which depends on the
solvent, as it is the case of protein partition, the equilibrium
constant (K) will vary with the solvent composition as fol-
lows:

∂ lnK = 
υ (3)
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urements were carried out at 20◦C using an Anton Paar 3
MA 35N density meter.

. Results and discussion

.1. Cation effect on the protein partitioning in
EG1500-potassium phosphate aqueous two-phase
ystems

Table 1resume same physical properties of the prot
ssayed. The protein partitioning was assayed at pH 7.4
er this pH condition, BSA and OVA have negative elec
al charges, while LZ and TRY have positive net electr
harges.Fig. 1 shows the dependence of the partition c
cient (K) for the assayed proteins in PEG1500-phosp
uffer aqueous two-phase systems at increasing conc
ion of salts. It can be seen that all the cations assayed in
significant increase in theK. The observed general seque

or the proteins wasKRb
+ >KNa

+ >KCs
+, although, the orde

asKRb
+ > KCs

+ > KNa
+ for the BSA.

The uneven ion partitioning creates an electrical pote
ifference (
ψ) between the phases.
ψ has been reporte

able 1

rotein Molecular mass Isoelectric po

SA 69.000 4.80
VO 45.000 4.90
RY 23.000 10.70
Z 14.600 11.00
∂ ln a3
pref

hereK is the partitioning constant,a3 is the cosolute activit
resent in the solution; i.e., the monovalent chloride act
ndυpref is the cosolute interaction parameter for the
tates of the reaction under discussion. Eq. (3) can be ad
or an aqueous two-phase system, therefore
υpref can be
xpressed as:

υpref =
(

dm3

dm2

)
Top

−
(

dm3

dm2

)
Bottom

(4)

here dm2 and dm3 are the protein and cosolute concen
ion variations at the top and bottom phases respectivel
υpref the variation of the preferential interaction param
f the protein in the top and bottom phases. The left ter

he Eq. (4) is positive. In this way, the
υpref terms are als
ositive and are arranged as follows:
υpref Rb+ >
υpref Na+

υpref Cs+, which suggests a major protein–cosolute in
ction in the rich PEG phase.

.2. PEG effect on the protein structure

Fig. 2shows the alpha helix content for three of the f
roteins assayed in a of PEG1500 7% w/w medium in
resence of increased concentration of Na+, Rb+ and Cs+.
ue to the low content alpha helix in TRY, the cation ef
annot be measured on the CD of this protein. The PEG
ncreased the alpha helix content for OVA and LZ but
reased it for BSA. Cs+ was, in general, the only cation th

nduced a light increase in the alpha helix content of the
eins; the most hydrophobic proteins, OVA and BSA, sho
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Fig. 1. Partitioning coefficient in PEG1500-potassium phosphate for the proteins in the presence of chloride of monovalents cation. Temperature 20◦C. pH
7.0. (�) Na+, (�) Rb+ and (�) Cs+. The error bars indicate the deviation standard of three independent measurements.

major variation in their alpha helix content, while the effect
on the LZ was very poor. The general tendency observed for
Rb+ and Na+ was a slight decrease in the alpha helix con-
tent. This finding is a proof that the presence of these cations
slightly affects the protein structure.

3.3. Cation effect on the protein hydrophobic surface in
the presence of PEG15000

Fig. 3A and B shows the effect of Na+ and Cs+ cations on
the surface hydrophobicity of four assayed proteins. The most
hydrophilic proteins such as LZ and TRY, showed neither an
appreciable variation in their hydrophobicity in presence of
Na+ nor a slight increase in the presence of Cs+. The most
hydrophobic protein such as BSA, showed a great variation in
its hydrophobicity. The OVA is a glycoprotein,which shows
a decrease in the hydrophobicity at low cation concentration.
However, at high Na+ concentration, So increases. This effect
was more significant in the presence of Cs+.

This finding suggests that the hydrophobic surface of hy-
drophobic protein (BSA) assayed is highly influenced by the

presence of salts, while hydrophilic proteins are not influ-
enced by them. Water structure making cation such as Na+,
induced a significant decrease in So with respect to the break-
ing cations like Cs+ or Rb+.

3.4. Cation effect on the partial molar specific volume
(v2) of the PEG1500

PEG1500 solution density versus PEG1500 concen-
tration curves in presence and absence of increasing salt
concentrations were analyzed. A linear relationship between
the solution density and its PEG concentration was observed
for all salt concentrations (data not shown). Theυ2 value
was calculated from the slope (M∗/Mc2) and the density
limit value at zero PEG concentration of these plots and
by applying Eq. (2).Fig. 4 shows the cation concentration
dependence versusυ2. A net decrease in theυ2 at increasing
cation concentration can be seen, the sequence of this
effect was Cs+ > Na+ > Rb+, which shows that the PEG
specific volume is highly influenced by the salt concentra-
tion.
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Fig. 2. Dependence of the alpha helix content of the protein at increasing
concentration of the monovalent salts (�) Na+, (�) Rb+ and (�) Cs+. The
empty symbol corresponds to the value of protein in buffer phosphate alone.
All the results are the mean of five independent measurements.

PEG has been demonstrated to be a hydrophilic molecule
in where each oxi ethylene group interacts with 16 water
molecules: two, by hydrogen binding formation with the oxy-
gen ether and 14 with ethylene, forming an ordered water
structure around it[15]. This ordered water is very sensitive
to the temperature changes and to the presence of the solute
which modifies the water structure. Salts have been classi-
fied as structure breaking and structure making to describe

Fig. 3. Effect of Na+ and Cs+ in chloride form on the surface hydrophobicity
of TRP (�), OVO (�), LZ (�) and (�) BSA. in the presence of PEG1500
in buffer potassium phosphate 50 mM pH 7.0. Temperature 20◦C. All the
results are the mean of three independent measurements.

Fig. 4. Dependence of the partial molar specific volume of PEG1500 (v2)
with the salt concentration (�) Na+, (�) Rb+ and (�) Cs+. Medium potas-
sium phosphate pH 7.0. Temperature 20◦C. All the results are the mean of
five independent measurements.
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their effects on the water structure. The addition of salts to
the aqueous PEG solution leads to an arrangement of ordered
water molecules around the polymer molecule. This induces
a decrease in the excluded volume of the PEG molecule due
to the loss of ordered water by the formation of a water layer
around the cation. It also induces a more compact structure
with a minor volume of PEG molecule. As a result of this
process, an increase in the volume available for the protein
in the PEG phase takes place. This mechanism agrees with
the increase in the protein transfer to the PEG rich phase by
an increase in the salt concentration.

An important decrease in the second coefficient value
was reported by Haynes et al.[16] for different proteins
reaching a low value in a medium of salt concentrations
between 0 to 0.3 M, at pH 7.0. Between 0.4 to 1.0 M, the
virial coefficient does not change its value, which suggests
that the protein-solution interaction remains constant and is
very poor. This finding confirms that a considerable decrease
in the PEG excluded volumen is produced during the pro-
tein transfer process from the phosphate phase to the PEG
rich one, which favors the protein transfer to the PEG rich
phase.

The results showed in this work allow us to demonstrate
that only the polymer excluded volume is the factor that drives
protein partition in aqueous two-phase systems at high salt
c
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