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bstract

This research study examined porcine pancreatic lipase partition in aqueous two-phase systems formed by polyethylene glycol-potassium
hosphate at pH 6.0, 7.0 and 8.0, the effect of polymer molecular mass, and NaCl concentration. The enzyme was preferentially partitioned into
he polyethylene glycol rich phase in systems with molecular mass 4000–8000, while with polyethylene glycol of 10,000 molecular mass it was
oncentrated in the phosphate rich phase. The enthalpic and entropic changes found due to the protein partition were negative for all the polyethylene
lycol molecular mass systems assessed. Both thermodynamic functions were shown to be associated by an entropic–enthalpic compensation effect

uggesting that the water structure ordered in the ethylene chain of polyethylene glycol plays a role in the protein partition. The addition of NaCl
ncreased the lipase affinity to the top phase and this effect was most significant in the system polyethylene glycol 2000–NaCl 3%. This system
ielded an enzyme recovery more than 90% with a purification factor of approximately 3.4.
 2007 Elsevier B.V. All rights reserved.
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. Introduction

Triacylglycerol hydrolases (EC 3.1.1.3), also known as
ipases, catalyze both the hydrolysis of esters in largely aqueous
olution and their synthesis under conditions of low water activ-
ty. During the last decade, lipases have become of great interest
o the chemical and pharmaceutical industries with particular
nterest in the biodiesel area. This is due to their usefulness in
oth hydrolytic and synthetic reactions. The enzyme purification

rocess presents a significant problem due to the complexity of
he protein mixtures and the necessity to retain their biological
ctivity. It has been shown that the 50–90% of the total produc-

Abbreviations: PPL, porcine pancreatic lipase; PEG 2000, polyethylene
lycol of average molecular mass 2000; PEG 4000, polyethylene glycol of aver-
ge molecular mass 4000; PEG 8000, polyethylene glycol of average molecular
ass 8000; PEG 10,000, polyethylene glycol of average molecular mass 10,000;
TPS, aqueous two-phase systems.
∗ Corresponding author at: Facultad de Cs. Bioquı́micas y Farmacéuticas,
niversidad Nacional de Rosario, Suipacha 570, S2002RLK Rosario, Argentina.
ax: +54 341 480 4598.
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ion cost for a biological product is determined by the degree of
urification of the produce. Partitioning in aqueous two-phase
ystems (ATPS) is a good method to separate and purify mix-
ures of proteins [1]. ATPS are formed by mixing two flexible
hain polymers in water or one polymer and a salt (phosphate,
itrate, etc.). This approach provides advantages of biocompati-
ility, easy processing and high sensitivity in the recognition of
igand–protein interactions [2]. The partitioning of proteins in
he standard biphasic aqueous system depends on the concentra-
ion and molecular weight of the polymer(s), the concentration
nd type of the salt, and pH. The protein partition coefficient is
efined as the ratio between the protein concentration in the top
nd bottom phases, respectively; when the enzyme target is in
complex mixture with other proteins, its partition coefficient
ust be determined only reference to its biological activity in

he top and bottom phases. However, there is not enough differ-
nce in the partition coefficient of the target protein from other
roteins in the crude broth to allow for an efficient separation in

single step.

The protein partition coefficient can be modified by changing
he medium experimental conditions such as: pH, salt concen-
ration polymer molecular mass, etc. [3].

mailto:pico@ifise.gov.ar
dx.doi.org/10.1016/j.jchromb.2007.09.038
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ATPS have been used as a first purification step since such
ystems allow removal of contaminants by a simple and eco-
omic process. ATPS have a number of advantages with respect
o conventional methods for the isolation and purification of pro-
eins: the partition equilibrium is rapidly reached, it can be easily
caled up, and it has the possibility of steady state operation
ith low cost of the materials which can be recycled. Following
research line to obtain enzymes from the wastes of freezing

ndustry we have applied the liquid–liquid extraction to obtain
ancreatic lipase from porcine pancreas. The biotechnological
ignificance of this enzyme is due to the fact that it is used in
ne of the process steps to obtain biofuels.

In work we determined the partitioning behaviour of
orcine pancreatic lipase in aqueous two-phase systems of
olyethyleneglycol (PEG)–potassium phosphate and we anal-
sed the effect of medium variables on the partitioning process
ith the goal of understanding the molecular mechanism of this

nzyme partition process.

. Materials and methods

.1. Chemicals

Porcine pancreatic lipase (PPL) with a specific activity of
2 units/protein mg, PEG of average molecular weight 2000,
000 and 10,000 (PEG 2000, 8000 and 10,000), and p-
itrophenyl butyrate were purchased from Sigma Chem. Co.
USA), while polyethyleneglycol of average molecular weight
000 (PEG 4000) was from Riedel-de Haën (Germany). All
hemicals were used without further purification.

.2. Lipase activity assay

This assay was performed by measuring the increase in the
bsorbance at 400 nm produced by the p-nitrophenol released in
he hydrolysis of 5.6 mM of p-nitrophenyl butyrate (pNPB) at
H 7.0 and 25 ◦C. To initiate the reaction, 50–500 �L of lipase
olution was added to 3.0 mL of substrate solution [4].

.3. Binodial curves used

The binodial diagram used for the PEG 4000, 8000 and
0,000–potassium phosphate systems at pH 7.0 were as
escribed in Ref. [1]. The binodial phase diagram used for the
EG 2000 potassium phosphate systems at pH 7.0 were obtained
rom the method of cloud point as described in detail by Tubıo
t al. [5].

.4. Preparation of the aqueous biphasic system

To prepare the biphasic aqueous systems, the correspond-
ng amount of PEG and 40% (w/w) potassium phosphate stock

olution were mixed according to the binodial partition diagrams
reviously published in Refs. [2] and [7]. Low-speed centrifu-
ation was used after gentle mixing of the system components
o speed up phase separation; then 1.0 mL of each phase were

a
e

�
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ixed and stored at 8 ◦C to build up several two-phase systems
n which the protein partition was assessed.

.5. Determination of the partition coefficient (K)

The partition coefficient of the PPL between both phases was
etermined by dissolving increasing amounts of PPL solution
10 mg/mL) (10–50 �L) in the two phases of the pre-formed sys-
em containing 1.0 mL of each equilibrated phase, the change
f the total volume of each phase being negligible. After mix-
ng gently by inversion for 1 h and leaving it to settle for at
east 30 min, the system was centrifuged at low speed for the
wo phase separation. Samples were withdrawn from separated
hases and the PPL activity in each phase was determined by
he pNPB reaction. The partition coefficient was defined as

= [Act]top

[Act]bottom
(1)

here [Act]top and [Act]bottom are equilibrium concentrations
f partitioned protein in the PEG and phosphate rich phases,
espectively. In the protein concentration range assayed, a plot
f [Act]top vs. [Act]bottom showed a linear behaviour, K being its
lope. In order to evaluate the purification process the following
arameter were calculated:

the enzymatic yield recovery in the top phase y(%)top was also
calculated according to the given equation:

y(%)top = 100

(R/KPPL)
(2)

where R = VT/VB, VB and VT are the bottom and top phase
volume, and K the lipase partition coefficient [3]. The total
protein concentration in each phase was determined measur-
ing the absorbance at 230 nm, using bovine serum albumin as
reference.

The purification factor (PF) was calculated as

F = [ActTOP]

[ActHOMOGENATE]

here ActTOP and ActHOMOGENATE are the specific lipase activ-
ties in the top phase and in the original mixture.

.6. Thermodynamic functions determination

The enthalpic change (�H◦) associated to the protein par-
ition in the ATPS was calculated determining the partition
oefficient (K1 and K2) at two different temperatures (T1 and
2), applying the known equation:

n
K1

K2
= �H◦

R

⌈
1

T2
− 1

T1

⌉
(3)
nd the free energy change was calculated through the following
quation:

G◦ = −RT ln K (4)
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here �G◦ is the free energy change. The entropic change (�S◦)
as calculated from the equation:

S◦ = −�G◦ − �H◦

T
(5)

.7. Experimental designs and statistical analysis

The influence of the variables molecular mass of PEG and
aCl concentration on the protein recovery (%) in the top phase
as evaluated according to a 22 factorial design with four repeti-

ions at the central point as reported previously [6]. Mathematica
Version 5.0) and Sigma Plot (Janel Sc. v. 9 software were used
or regression and graphical analyses of the data obtained.

. Results and discussion

.1. Top/bottom phase composition effect on the PPL
ctivity

The different composition between the top and bottom phase
nfluenced the enzyme activity, therefore, it was necessary to
arry out controls of the PPL activity in the phosphate and in the
EG-rich phases. Table 1 shows the PPL activity in the phos-
hate rich phase and in the top phases (PEG-rich phases) formed
y PEG of different molecular mass.

The relative PPL activity was calculated taking as 100% the
ctivity in a buffer medium of potassium phosphate 50 mM, pH
.0. It can be seen that in the phosphate rich phase the enzyme
ctivity is increased respect to the control (phosphate buffer
0 mM), while in the top phase for PEG 2000 and 4000 an
ncrease in the activity was observed, but PEG of high molecu-
ar mass decreased the activity. Similar results have been found
or other enzymes in PEG and phosphate concentrated medium
6]. The medium effect on the enzyme activity is a proof of the
edium interaction with the protein, by modifying the tertiary

tructure of the active site.

.2. PEG concentration and molecular mass effect on PPL
artitioning
Fig. 1 shows the partition data for PPL in PEG–phosphate
ystems at different tie line length (TLL) calculated as

LL = (�[PEG]2 − �[Pi]2)
1/2

(6)

able 1
ffect of medium composition on the PPL relative activity (%)

edium Relative activity

uffer 50 mM pH 7.0 100.0
ottom phase 104.1
EG 2000 112.3
EG 4000 109.4
EG 8000 84.7
EG 10,000 94.7

he PPL activity in buffer sodium phosphate 50 mM, pH 7.0 was taken as
eference.
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ig. 1. Dependence of the PPL partition coefficient with the TLL in different
queous two-phase systems. Temperature 25 ◦C, pH 7.00.

here �[PEG] and �[Pi] are the difference between the PEG
nd phosphate concentration in the top and bottom phases. The
eneral observed trend is a linear relationship between ln K and
[PEG]. This behaviour has been noted for the partition of other

roteins in phosphate–PEG systems, suggesting that the ln K vs.
[PEG] relation follows an equation of the type:

n K = A + B�[PEG] (7)

The slope of Eq. (7) is a function of protein and polymer
olecular mass and the interaction of protein with the polymer

nd water [6]. From Fig. 1 can be seen that the slope value in
he presence of PEG 2000 is very low, while PEG 4000 and
000 showed significant B value in agreement with a the pres-
nce of a strong polymer–protein interaction. The slope in PEG
000 was lower than the observed for the other two PEGs, as
result of exclusion of the polymer from the protein domain.
he system with PEG 10,000 showed significant PEG exclusion
ue to the high molecular mass of this PEG. This last effect is
n agreement with a diminution of the free volume available in
he top phase by molecular mass increase of the PEG. However,
or PEGs of low molecular mass (2000–4000) the increase of
n K with the TLL is related with a polymer–protein interac-
ion due to the hydrophobic character of the PPL. Some of the
rivers for PPL partition are the excluded volume of the pro-
ein (given by the free solution available to the protein), and the
olymer–protein interaction. Our finding suggests that in sys-
ems with PEG 2000–8000 the lipase partition is driven by the
nzyme polymer interaction which explains the K coefficient
ith a value other than unity, while in PEG 10,000 the excluded
olume effect over the protein polymer interaction, resulting in
decreasing in the partition coefficient.

Fig. 2 shows the effect of PEG molecular mass (for the
hird tie line length) on the partition coefficient. In this case
he total PEG concentration was approximately similar in all
he ATPS, the increase of K value observed for PEG 2000

nd 4000, suggest an increase in the PEG–protein interaction,
hile for PEGs 8000 and 10,000, the opposite effect suggests
nly the PEG exclude volume effect [7] is driven the PPL par-
ition. Haghtalab et al. [8] presented experimental results for
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ig. 2. PEG molecular mass effect (for the third TTL) on the partition coefficient
PL. Temperature 25 ◦C, pH 7.00.

ysozyme partitioning in PEG–phosphate and PEG–sodium sul-
hate systems and found that for a given PEG molecular mass,
he slope of the ln K vs. �[PEG] curves had both positive and
egative values depending on the PEG excluded volume. The
xcluded volume theory shows that the PEG concentration or an
ncrease in its molecular mass induces a decrease of the protein
olubility in the phase where the protein is situated. Previous
eports about PEG–protein interaction [9] have demonstrated
he presence of a poor interaction between them, when it is
ompared with other ligands with a specific PEG–protein inter-
ction. Lee and Lee [10] examined the interaction between PEG
nd betalactoglobulin as a function of PEG molecular mass;
he preferential exclusion increases with an increase in the PEG
ize. This result argues in favour of steric exclusion as the fac-
or that causes the interaction of PEG with proteins. In the case
f PEG–betalactoglobulin and PEG–tubulin interactions studied
y Timasheff [11], the PEG molecular mass increase induces an
xclusion of the polymer from the protein domain, increasing
n this way the preferential hydration of the protein. However,
t high PEG concentrations, a decrease of the PEG exclusion
or the PEG–betalactoglobulin interaction was observed. This
pposite behaviour of PEG can be better understood in terms of
he PEG solution behaviour. It has been demonstrated that PEG,
hich is a flexible molecule, it can acquire a compact struc-

ure stabilized by intramolecular hydrophobic bonds. The PEG
ompact structure has a lower interaction with the solvent than
he fully extended one; this allows the PEG molecule to interact
ith the protein.
PEG solutions of high concentration penetrate the hydration

ayer of the protein allowing the PEG molecule (which is par-
ially hydrophobic) to interact with the hydrophobic region of
he protein. Therefore, the observed effect of PEG on a protein
an be due to a fine balance between two opposing factors: PEG
xclusion, and PEG–protein binding through the hydrophobic

rea of the protein exposed to the solvent. The latter effect will
epend on the chemical structure of the protein. Proteins with
large hydrophobic surface area exposed to the solvent have a
reater possibility of interacting with PEG. This interaction has

P
t
i
l

Fig. 3. pH effect on the PPL partition coefficient. Temperature 25 ◦C.

high affinity and is the only factor which drives the protein
artition in favour of the PEG-rich phase [5].

.3. pH effect on PPL partitioning

Fig. 3 shows the partition coefficient dependence on PEG
olecular mass at different pHs. It can be seen that at pH 6.0

here is a strong diminution of the K value at low PEG molecu-
ar mass, while this effect was also observed at pH 7.0 and 8.0
n systems with PEG of high molecular mass. PPL has an iso-
lectric pH about 5.18, therefore at pH 6.0 is slightly negatively
harged. According to the Albersson equation [2]:

n K = ln K◦ + FΔΨZp

RT
(8)

rotein partition is driven by two effects: the electrostatic com-
onent (F�ΨZp/RT) determined by the electrical protein charge,
nd a hydrophobic component (K◦) which has a maximal effect
hen the pH medium is near the isoelectric pH. Under the con-
ition pH 6.0, the hydrophobic component is greater than the
lectrostatic forces, therefore the PEG of low molecular mass
as tends to interacts with the protein. In PEG of high molec-
lar mass the steric hindrance is major decreasing the partition
oefficient, being this similar to any assayed pH.

.4. Temperature effect on PPL partitioning

Because it is impossible to measure in a direct manner the heat
hen a protein is partitioned between the two phases, we have
etermined the partition coefficient of PPL at different tempera-
ures. Then by application of the van’t Hoff equation the enthalpy
hange associated to the protein partition was calculated, also
he entropic change was calculated by applying Eqs. (3), (4) and
5). Fig. 4 shows negative enthalpy change values obtained for
he systems PEG 2000–8000, while for PEG 8000 a positive
alue was obtained. This agrees with the presence of a strong

EG–protein interaction for these PEG, while for PEG 10,000

he positive change observed suggests a repulsion between them
n accordance with an exclusion of the PEG of high molecu-
ar mass from the protein domain. Negative entropy changes
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ig. 4. Entropic–enthalpic compensation plot for PPL partition in aqueous two-
hase systems.

bserved for all the partitioning (except for PEG 10,000) is sug-
estive of the formation of an ordered final state when the protein
s transferred from the bottom to the top phase in agreement with
protein polymer complex formation. This finding agrees with

he negative entropic values observed. The positive thermody-
amic values observed for PEG 10,000 could be explained by
lack of interaction between the PEG and the protein domain
ue to the PEG exclusion from the protein domain by steric
indrance. The �H◦ values were plotted vs. the �S◦ values,
aken a �H◦–�S◦ pair for a PEG of a desired molecular mass.
he existence of a linear entropy–enthalpy change relationship
uggests that liquid water plays a role in the molecular mecha-
ism of this process. This linear compensation pattern appears
o be the thermodynamic manifestation of structure making and
tructure breaking effects of cosolute on the solvent molecules
s was demonstrated earlier by Lumry and Rajender [15]. This
ehaviour has been reported for the partitioning of other proteins
n aqueous two-phase systems [12] associated to a loss of the
ater ordered around the hydrophobic zone (ethylene chain of
EG and hydrophobic superficial area of the protein exposed to

he solvent).

.5. NaCl effect on PPL partitioning

Fig. 5 shows the dependence of the PPL partition coeffi-
ient on the NaCl concentration and PEG molecular mass in the
edium. It can be seen there are two different effects accord-

ng to the PEG molecular mass. PEG 2000 system induced an
ncreasing in the enzyme partition coefficient between 0 and
% NaCl while a decrease was observed between 3 and 6%
f the salt. Systems with the other PEG molecular mass were
ot affected in a significant manner by the presence of NaCl. A
ecrease in K is observed at low salt concentration (2% NaCl)
hile a slightly increase of K was observed with an increase of

alt concentration. At the pH values where the partition were

ssayed, PPL has a negative electrical net charge; ions Na+ and
l− have similar partition coefficient in ATPS [7], they do not
ffect in a significant manner the interfacial electrical potential.
he significant increase in the partition in PEG 2000 cannot

T
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ig. 5. NaCl effect on PPL partitioning in media of different PEG molecular
ass. All the other conditions are as Fig. 1.

e explained regarding a modification on the interfacial electri-
al potential by salt addition. It is well known that NaCl and
ther salt have the property of modifying the water structure
rdered around the hydrophobic chain, such as ethylene group
f PEG or hydrophobic surface area of the protein exposed to
he solvent. A loss of this ordered water occurs when a protein is
ransferred from a salt phase to PEG-rich phase [7], facilitating
n this way the interaction between the polymer and the protein
nd increasing its partition coefficient.

.6. Determination of the ATPS separation capacity for
PL

The above experiments were performed using a non-pure
reparation of PPL which contains other unknown proteins.
ost studies about the recovery of a target protein from a natural

roduct are made to begin with the pure target protein. These
xperiments yield results which in the majority of the cases can-
ot be compared with those obtained from a complex mixture of
roteins containing the target protein. It is well known that the
artition behaviour of a pure protein is very different when it is
n a complex mixture. Rito Palomares [13] has pointed out that
he environment of a protein may induce protein–protein inter-
ctions which modify the K of the target protein. The binodial
iagram is modified in a significant way inducing a change in
he target and the impurities proteins partition.

The selection of the best systems to the recovery of PPL was
one in basis to the analysis of the parameter y(%). When the
bove experiments were carried out, the total protein concen-
ration in the top and bottom phases were determined and the
artition coefficient of the protein was calculated.

Fig. 6A shows the y(%)top calculated for the top phase (the
hase where the PPL has the major affinity) for systems of dif-
erent molecular mass in the absence and presence of NaCl.

he data were expressed as surface plot according to previous

eports [14] and methodology used to found the best exper-
mental situation where the recovery of the target enzyme is

aximal.
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ig. 6. (A) Top recovery of PPL as a function of PEG molecular mass and NaC
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A regression analysis was carried out to fit mathematical
odel to the experimental data to determine an optimal region

or the responses studied. This analysis relates the percentage
f recovery y(%)top with the polymer molecular mass (Mm) and
he NaCl concentration. The mathematical model that best fitted
he experimental data can be described by the following second
rder equation:

(%) = h + aMm + b[NaCl] + cMm
2 + d[NaCl]2

eing h, a, b, c, and d fitting constants and Mm the molecular
ass of PEG. Fig. 6A shows the response surface for y(%)top

btained by the mathematical model assayed. The analysis of the
ariance shows that for the y(%)top responses, the model adjusted
as adequate with high value of r2 > 0.98 and significant values
f P (>99%) confidence level, yielded a Mm and [NaCl] values

f 2000 and 3%, respectively, which produced the better enzyme
ecovery.

Fig. 6B shows the purification factor (PF) obtained for the
ystems in the presence of increase NaCl concentration. This

ig. 7. Top recovery of PPL as a function of top/bottom volume ratio NaCl
oncentration.
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centration. (B) Top purification factor for PPL as a function of PEG molecular

onfirms that the best system is PEG2000–NaCl 3%, a purifica-
ion factor of 8 being observed for this system.

When a pure protein is partitioned in aqueous two-phase sys-
ems, the K is independent of the top–bottom volume ratio,
owever the protein recovery is influenced by the R value as
xpressed in Eq. (2). Fig. 7 shows the top–bottom phase ratio vol-
me vs. y(%)top using the system PEG 2000–3% NaCl selected
efore. It can be seen that an increase in R value from 0.3 to 3.0
nduces an increase in y(%)top value of over 90%.

. Conclusion

PPL is a hydrophobic enzyme with a molecular mass of
4,000 kDa and its isoelectric pH is about 5.4. The high par-
ition coefficient found in the system PEG 2000 is suggesting
trong interaction between PEG 2000–PPL due to the low PEG
xclusion from the protein domain [13] and the hydrophobic
haracter of PPL. This agrees with the highly exothermic pro-
ess associated with PPL transfer to the PEG-rich phase which
uggests a true interaction between PEG 2000 and PPL. PEG
000 and higher molecular mass PEGs showed a partition coef-
cient lower than the unity, according to their molecular mass,
s has been found for other enzymes. This finding suggests that,
t low PEG molecular mass, the interaction polymer protein is
riven the PPL partition, while at high PEG molecular mass, the
EG exclusion from the PPL domain is most important than the
olymer protein interaction.
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