Separation and Purification Technology 168 (2016) 168-176

Contents lists available at ScienceDirect

Separation
EPuriﬁcationA

Separation and Purification Technology

journal homepage: www.elsevier.com/locate/seppur

A sustainable affinity partitioning process to recover papain from Carica
papaya latex using alginate as macro-ligand

@ CrossMark

Maria Victoria Rocha?, Melisa Di Giacomo ¢, Sofia Beltramino %, Watson Loh ®, Diana Romanini ¢,
Bibiana Beatriz Nerli **
2 Instituto de Procesos Biotecnolégicos y Quimicos (IPROBYQ), Consejo Nacional de Investigaciones Cientificas y Técnicas (CONICET), Facultad de Ciencias Bioquimicas y

Farmacéuticas, Universidad Nacional de Rosario, Suipacha 570, S2002LRK Rosario, Argentina
b Instituto de Quimica, UNICAMP, Rua José de Castro, s/n — Cidade Universitdria, Campinas - Caixa Postal 6154, Campinas, SP CEP 13083-970, Brazil

ARTICLE INFO ABSTRACT

Article history:

Received 5 March 2016

Received in revised form 12 May 2016
Accepted 26 May 2016

Available online 27 May 2016

The role of the natural biodegradable polymer alginate (ALG) as affinity macro-ligand for papain (PAP)
was evaluated in order to design a new sustainable two-phase affinity strategy for recovering this
enzyme from Carica papaya latex.

In presence of PAP, decreased values of intrinsic viscosity and hydrodynamic radius of ALG were
observed. These results suggested a neutralizing effect of PAP on the polymer negative charges which
caused a decrease of intra-chain repulsion forces in ALG molecules and a consequent shrinkage of the
polymer size. Calorimetric measurements demonstrated a cooperative interaction between PAP and
ALG which was enthalpy-entropically driven.

When partitioned C. papaya latex into aqueous two-phase systems (ATPSs) formed by polyethylene gly-
col (PEG) of MW 8000 and the biodegradable salt sodium citrate pH 5.20, only 20% of PAP was recovered
at the PEG-enriched phase with a purification factor (PF) of 2.48. The addition of ALG 0.1% (w/w) into the
system doubled the PAP partition coefficient (Kp, pap), showing the ability of this polymer to enhance the
enzyme recovery at the PEG-enriched phase and therefore, increasing the extraction efficiency. The sub-
sequent addition of calcium chloride at a final concentration of 80 mM allowed the precipitation of the
target enzyme and the recovering of PEG phase for recycling. The overall process showed a PAP recovery
of 72% and a PF of 2.41. The proposed strategy not only conserved all the advantages of the reported
extractions with PEG/ammonium sulfate (or phosphate) ATPSs, i.e., low cost, scalability and integration
of the clarification and extraction steps, but also allowed overcoming their main drawbacks, i.e., the sep-
aration of the target molecule from the phase-polymer and the environmental impact caused by the dis-
posal of these salts.
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1. Introduction

Proteases play an important role in industrial processes due to
their ability of transforming materials, i.e. protein structure and
functionality, with high rate at sustainable conditions. Most com-
mercialized proteases are those coming from microbial sources.
However, some plant cysteine proteases such as papain (PAP) are
still preferred and currently used for certain industrial applications
due to its specificity and stability properties [1,2]. Papain
(EC3.4.22.2) is a cysteine endopeptidase present in the latex of
papaya fruit which has been extensively used in food industries
as meat tenderizer, for stabilizing and chill-proofing beer and in
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baking processes. Besides, it has been applied in textile and phar-
maceutical industries, and also for effluent treatments [3].

Currently, PAP is recovered from its natural source by a given
combination of unit operations such as clarification, precipitation
with salts, extraction with solvents, chelating or reducing agents,
chromatographic techniques [4], filtration and spray-drying. Envi-
ronmental impact, cost of resins, time-consuming processes, occu-
pational allergies and unstable yielding products are the main
disadvantages reported for the above mentioned downstream pro-
cesses [2]. Alternative methods tending to avoid or minimize these
difficulties have been developed.

Extraction with aqueous two-phase systems (ATPSs) is a
methodology that integrates the clarification, concentration and
purification of the target product in one unit operation. It exhibits
many advantages including low cost, easy scalability and mild
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conditions to preserve biological molecules. Besides, it does not
require sophisticated equipment [5] thus becoming an attractive
strategy for industrial purposes. Different polymer/salt ATPSs such
as polyethylene glycol (PEG)/phosphate [6] and PEG/ammonium
sulfate [2,4] have been earlier reported for the extraction of PAP
from papaya latex. Although the high PAP recoveries obtained with
these systems, close to 90%, they presented two main drawbacks:
the difficulty to isolate the extracted molecule from the polymer
phase by back extraction and the use of high salt concentrations
which becomes critical at process-scale and requires of disposal
and corrosion considerations. Particularly, the use of ammonium
sulfate and phosphates for any manufacturing process is discour-
aged since its discharge into water bodies can result in the promo-
tion of algal growth and subsequent creation of anaerobic
conditions. The treatment and disposal of wastes, required to min-
imize their impact, increase the downstream processing costs and
consequently decrease their economic viability. In this context, the
design of extracting protocols with ATPSs formed by biodegradable
and/or recyclable components, would be desirable [7-9].

Affinity partitioning using smart macro-ligands is a powerful
method used for separation of biomolecules [10,11] which inte-
grates two-phase partitioning and affinity precipitation. The affin-
ity macro-ligand is incorporated into the PEG/salt ATPS with the
aim of directing the partitioning of the target molecule to the
polymer-rich phase. Later, the precipitation of the ligand-
biomolecule complex with an appropriate stimulus - pH, temper-
ature, presence of certain ions - allows recovering both, the target
molecule (PEG-free) and the phase polymer (PEG) which can be
reused in a new extraction cycle. Affinity ligands are considered
suitable for this purpose when they partition unevenly to the
PEG phase, bind selectively/reversibly to the target biomolecule
and can be precipitated/re-dissolved by changing medium condi-
tions. Chitosan, Eudragit S-100 and alginate, among other poly-
mers, fulfill these requisites [12], thus being widely used in these
strategies [13]. Particularly alginate, a polysaccharide of marine
origin, consisting of mannuronic (M-block) and guluronic (G-
block) acid units has demonstrated to be appropriate to recover
Bacillus acidopullulyticus pullulanase from a crude enzyme prepa-
ration [12], beta-amylase from sweet potato [14] and phospholi-
pase D from peanuts [15]. Several reports have addressed on the
ability of calcium alginate beads of immobilizing and stabilizing
papain [16,17]. However, as far as we know, soluble sodium algi-
nate (ALG) has not been used as bio-ligand for this protease in
affinity strategies.

The aim of this work was to evaluate the suitability of ALG to be
used as a macro-ligand for PAP in order to develop a new affinity
partitioning process capable of recovering this protease from Carica
papaya latex. The use of ALG in a PEG/sodium citrate (biodegrad-
able salt) ATPS is expected to enhance the extraction of papain to
the polymer-rich phase and allow its subsequent recovery by pre-
cipitation. The resulting strategy will allow overcoming the main
disadvantages reported for the extraction with PEG/ammonium
sulfate (or phosphate) ATPS such as the separation of the target
molecule from the phase-polymer and the environment impact
associated to the disposal of these salts.

2. Materials and methods
2.1. Chemicals and raw materials

Polyethylene glycols of different molecular weights (PEG600,
PEG1000, PEG2000, PEG4600 and PEG8000), alpha-N-benzoyl-pi-
arginine-p-nitroanilide (BAPNA) and sodium alginate (ALG) of
low viscosity, composed primarily of mannuronic acid residues,
were purchased from SIGMA-Aldrich (USA). All other chemicals

were of analytical grade. Commercial papain (PAPcym) from C.
papaya latex was also purchased from Sigma Chem. Co. Stock solu-
tions (4000 pM) of this protease in 100 mM sodium phosphate buf-
fer pH 6.00 were gravimetrically prepared and kept at —18 °C until
use. Stock solutions of ALG 2% (w/w) and PEGs 30% (w/w) were
prepared by dissolving appropriate quantities of polymer in dis-
tilled water.

Fresh latex was collected from locally grown C. papaya trees.
After washing the fruits with distilled water, several vertical inci-
sions were made along the surface with a knife to a depth of 2-
3 mm. The exuded latex was collected into a glass beaker set on
ice. After collection, the latex was fractionated and stored at
—18 °C. Thawed latex was dissolved in phosphate buffer pH 6.0
and the obtained suspension was referred to as “crude papain
extract” (CPE). Its content of papain (PAPjex), reducing sugars
(RS) and total proteins (TP) was determined as described below.

2.2. Procedures

2.2.1. Partitioning measurements

2.2.1.1. Preparation of aqueous two-phase systems. Aqueous two-
phase systems (ATPSs) with a final mass of 2 g were prepared by
weighing appropriate quantities of stock solutions of PEGs of dif-
ferent molecular weight 30% (w/w), sodium citrate (NaCit) 25%
(w/w) pH 5.20 and distilled water. The sodium citrate stock solu-
tion was prepared from a citric acid solution whose pH was
adjusted to 5.20 by the addition of appropriate quantities of
sodium hydroxide. At the mentioned pH, acid and base conjugate
forms of citric acid coexist (pKay citric acia = 4.76) thus resulting in
a mixture with buffer capability.

Table 1 shows the tie line length (TLL), the total and the phase
compositions of the selected systems. ATPSs containing ALG as
affinity macro-ligand were prepared by including appropriate
amounts of ALG stock solution in the above mentioned systems
to reach the desired ALG total final concentration of 0.1% (w/w).
In this case, water content was reduced appropriately to keep the
PEG and NaCit total concentrations unaltered.

2.2.1.2. Determination of partition coefficients. Partitioning behavior
of papain (PAPcm, and PAPjaex), sodium alginate (ALG), reducing
sugars (RS) and total proteins (TP) in the assayed ATPSs were eval-
uated through their partitioning coefficients (Kp, papcom; Kp, papiatex;
Kp, arc; Kp, rs; Kp, 1p) defined as:

[M]top
[M]bottom

where [M]op and [M]pottom represent the concentration of the par-
titioned molecule (M): PAPcom, PAPatex, ALG, RS and TP at both top
and bottom phases after reaching the equilibrium condition.

The procedure consisted of dissolving a given amount of either
stock solutions (ALG, PAP.m,) or crude papain extract (CPE) into the

(1)

Kom =

Table 1
Total, bottom and top compositions of ATPSs formed by PEGs of different molecular
weights and NaCit pH 5.20.

PEG molecular TLL % Total Bottom Top
weight (wfw) composition composition composition
% (wjw) % (wjw) % (wjw)
PEG NaCit PEG NaCit PEG NaCit
600 48.37 21.00 1620 0.77 27.89 4265 3.69
1000 26.42 1592 1397 510 19.01 28.87 747
2000 41.44 13.75 1440 0.13 2159 36.78 2.24
4600 24.98 11.70  9.65 088 14.18 23.92 4.53
8000 24.42 11.69 952 144 1352 24.19 463

TLL, tie line length.
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ATPS. The aliquots of loaded material did not exceed the 10% of
total system weight to prevent changes in binodal compositions.
After mixing by inversion for 15 min and leaving it to settle for
at least 90 min in a 20 °C bath, the system was centrifuged 5 min
at low speed (2000 rpm) for phase separation. Phase volumes were
measured and appropriate amounts of each phase were removed
to determine the macromolecule concentration [M] in each phase.

When partitioning CPE, the purification factor (PF) and the
recovery percentage (R%) of PAP at a given phase (top/bottom)
were also calculated as follows:

ACttop/bOttom/[Tp}top/bottom

PFiop/bottom = Actere /TP cpp (2)
Act V
Ruoppotom 6 = — 2t o 22 100 (3)

where Act is the enzyme activity; [TP], the concentration of total
proteins; Viop/bottom, the volume of phase (top/bottom) and Vcp,
the volume of CPE loaded into the ATPS.

All partition experiments were performed in triplicate. The
mean K, values and their estimated standard deviations were
informed in each case. Mass balance (%) was also calculated for
each molecule after partitioning.

2.2.1.3. Determination of aqueous two-phase diagrams. Two-phase
diagrams of PEG8000/NaCit ATPS were determined in the absence
and presence of ALG 0.1% (w/w). The binodal curves were obtained,
as described in previous works [18], by the turbidimetric titration
of a PEG8000 stock solution 30% (w/w) with small aliquots of NaCit
stock solution 25% (w/w) pH 5.20 until the system turned into a
turbid solution (cloud point). The masses of the starting and added
solutions, measured on an analytical balance, were used to calcu-
late the composition of the mixture for each point on the binodal
curve. The temperature of the system was kept constant at 293 K
and controlled within 0.1 K. Binodal data were fitted with differ-
ent expressions reported for these systems, the best results being
obtained with the Mistry equation [19]. Phase diagrams in pres-
ence of ALG were obtained similarly by using PEG and NaCit stock
solutions containing ALG 0.1% (w/w).

The nodes and tie lines were determined by the method
described by Merchuk et al. [20] based on the application of the
lever-arm rule on binodal diagram. The knowledge of both, the
function describing the binodal curve (Mistry equation) and the
top/bottom mass ratio of each system were required. For the latter,
three systems of different total compositions were prepared into
graduate tubes, stirred thoroughly and left to reach phase separa-
tion for 24 h. Top/bottom mass ratio was calculated from volume
and density measurements.

2.2.2. Analytical determinations

Papain (PAPcom, PAP)4tex) cOntent was determined by measuring
its amidase activity against the chromogenic reagent BAPNA [21].
The substrate was used at a final concentration of 1 mM in
50 mM TRIS buffer pH 8.20 with 12 mM cysteine. The reaction
was followed by measuring the absorbance of the released reaction
product, p-nitroaniline, at 400 nm for 5 min.

The assay was performed at 25 °C in a thermostatized spec-
trophotometer cell. The enzyme activity was calculated from the
initial linear portion of absorbance vs. time curve.

The total protein content (TP) in the CPE and in each phase was
estimated by the Warburg and Christian method [22] using the
specific software of spectrophotometer JASCO V-550 UV-vis.

Reducing sugars (RS) in the CPE and in each phase were also
determined by the dinitrosalycilic acid (DNS) colorimetric method
[23]. Glucose (40 mM) was used as the analytical standard at a

concentration range of 0.3-1.5mMin 50 mM NaCit buffer pH
5.20 to obtain calibration curves for top and bottom phases.

Alginate concentration in both phases was estimated by the
phenol sulphuric acid method [24].

2.2.3. Measurements to evaluate the alginate as an affinity macro-
ligand

2.2.3.1. Viscometry. Alginate solutions with final concentrations
(Carg) between 0.02 and 0.10% (w/v) were prepared by diluting
ALG stock solution 2% (w/w) in buffer NaCit 25% (w/w) pH 5.20.
The relative viscosity (ng) of each solution was calculated as the
ratio between the drainage times of the ALG solutions and the buf-
fer. The intrinsic viscosity, [n], and the Huggins constant, ky,
parameters associated with the polymer conformation, were deter-
mined by applying the Huggins equation [25]:

Me =T ] 4 k[ Cuc @
ALG

which shows a linear dependence of reduced viscosity, (ng — 1)/
Carc, with the Cai¢ for dilute solutions. The [n] and ky values were
obtained from the intercept and the slope of the (ng — 1)/Carg Vs.
CaLc plot in the absence and presence of PAP 0.4% (w/w). Viscosity
measurements were performed by using an Ubbelohde-type capil-
lary automated microviscometer immersed in a thermostatized
water bath at (25 + 0.05) °C [26].

2.2.3.2. Dynamic light scattering (DLS). Solutions of ALG 0.1% (w/w),
PAP.om (5 UM) and ALG + PAP were clarified by filtration and cen-
trifugation procedures in order to make them completely transpar-
ent, condition which was verified by turbidity measurements. DLS
measurements were performed on a Nano Particle Analyzer SZ-100
(Horiba). The light source was a He-Ne laser operating at a wave-
length of 633 nm with 90° scattering angle. Measurements corre-
sponding to the ALG, PAP and ALG+PAP solutions were
performed at least three times each. The apparent hydrodynamic
radius (Ry) of particles present in each system was calculated by
using the Stokes-Einstein relationship.

2.2.3.3. Isothermal titration calorimetry (ITC). Measurements were
performed at 20 °C in an isothermal titration calorimeter (VP-ITC,
MicroCal Inc., USA). Aliquots from 3 to 15 pL of PAP.,, solution
(0.20 mM) were injected sequentially into a 1.436 mL titration cell
initially containing either buffer solution (50 mM NaCit pH 5.20) or
ALG solution (0.50% (w/w)) in NaCit buffer. Each injection lasted
between 6 and 30s and there was an interval of 600 s between
successive injections. Corrected enthalpy changes were calculated
by subtracting the enthalpy change when PAP was titrated into
buffer solution from that obtained when PAP was titrated into
ALG solution. Enthalpy change associated to the ALG dilution
(when buffer was titrated into ALG solution) was also subtracted.
Titrations were carried out in duplicate and the results were
reported as the mean. The resulting data, expressed as the change
in enthalpy per mole of PAP (23,400 Da) vs. the molar ratio npap/
narc, were fitted to a sequential binding model consisting of two
stages. The affinity constant (K), the enthalpy and entropy changes
(AH°, AS®), associated to the binding, were estimated using the
MicroCal ORIGIN 7.0 software supplied by the instrument.

2.2.4. Affinity partitioning protocol

Aqueous two-phase systems formed by PEG8000 11.69% (w/w),
NaCit 9.52% (w/w) and ALG 0.1% (w/w) were prepared according to
the procedure of Section 2.2.1. The two-phase affinity strategy
designed consisted of three subsequent steps.

Step 1: The CPE (150 pL) was loaded into an ATPS of 2 g of total
mass. After mixing by inversion and leaving it to settle for
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90 min at 20°C, the system was centrifuged (5min at
2000 rpm) for phase separation. Phase volumes were measured
and most of top phase, (containing PAP) was recovered with a
pipette to perform the following step.

Step 2: Top phase (1.25 mL) was mixed with 4.75 mL of an aque-
ous ALG solution 1.4% (w/w). This allowed reducing the ionic
strength and reaching a final ALG concentration close to 1%
(w/w), both conditions being required to form the complex
ALG-PAP (this is based on experimental data obtained in our
laboratory, not shown in this work). Then, the total ALG (free
and bound to PAP) was precipitated by dropping slowly a solu-
tion of CaCl, (1 M) until a final CaCl, concentration of 80 mM.
After 30 min of incubating at 8 °C, the precipitate (PPsp2) and
the supernatant (SNsp2) were separated by centrifugation at
4000g for 10 min at 20 °C.

Step 3: Finally, the PP was dissolved by incubation with a
mixture of 1.75 mL de NaCit 25% (w/w) and 0.250 mL of NaCl
4 M for 2.5 h at 8 °C. The final volume of the obtained solution
(SLstep3) was measured.

Enzyme activity and total protein content were determined in
each step to calculate the PF and R% extraction indicators.

3. Results and discussion
3.1. Partitioning experiences

Previous reports demonstrated the good performances of differ-
ent ATPSs at recovering papain from C. papaya latex [6,15]. How-
ever, the phase forming salts of these systems, ammonium
sulfate and sodium phosphate, are known to cause soil/water acid-
ification and eutrophication when they are released to the environ-
ment excessively. In an attempt to reduce this impact, we
evaluated the extraction ability of systems formed by PEGs of dif-
ferent molecular weights and a biodegradable salt (NaCit). The dis-
tribution behavior of PAP after partitioning the crude extract in
these systems is shown in Fig. 1.

It is appreciated that PAP,.x wWas displaced to the bottom phase
in all the systems assayed with Ky, pap values between 0.5 and 0.8
(Fig. 1A). This pattern is quite similar to that obtained for commer-
cial PAP in a previous work [7]. The decrease of Ky, pap with PEG
molecular weight (from PEG600 to PEG4600) could be explained
by the prevalent top-phase exclusion effect caused by the increas-
ing size of the polymer. A slight increase of K pap was appreciated
in systems formed by PEG8000, probably due to a major role of the
interactions of PAP with the rest of the components of the mixture.

The uneven distribution of PAP led to different recoveries, R%, at
top and bottom phases, the highest values being observed for the
salt-enriched bottom phase (Fig. 1A). Mass balances close to
100% were obtained for PAP in all cases, indicating that no signifi-
cant amounts of this protein were lost at ATPSs interfaces. How-
ever, variable quantities of insoluble matter (cell debris and
particulate components of the latex clot) were detected between
the phases after reaching the equilibrium. This feature indicated
that sample clarification was taking place simultaneously with
the partitioning phenomenon.

When analyzed the PF values (Fig. 1B), the best purification per-
formance was observed at the top phase. Particularly, a PF of 2.5
was achieved in the top phase of PEG8000/NaCit systems. On the
basis of these results, two alternatives were evaluated. Selecting
the bottom phase and recovering most of the PAP without an
appreciable purification grade or selecting the top phase reaching
better purification performances but losing significant amounts
of the target protein. Our challenge was to achieve both, a signifi-
cant recovery and a good purification factor in the selected phase.

100 A 10
Renp, op (%)
Rep, botom (%0) ( )
80 { ¢ Ko papaer )
L08
& 60 ;
% o7 &
X 40 ¢
r 0.6
“ r 0.5
0 . , i ‘ ‘ 04
Q Q Q Q 9
SN '\()0 AN AGJO %QQ
?@G ve(b ?661 ?@G o 66
3.0
ZZ2 PFepp iop (B)
SN PFenp, botom
2.5 i
2.0 1
o
<
- 1.5 A
o
1.0
0.5 A
0.0 ‘
Q Q Q Q N
o A0 o0 A0 s
?66 9?/0 ?V,GFL ??,G 966%

Fig. 1. Partitioning coefficients, recoveries and purification factors corresponding to
the extraction of PAP from C. papaya latex with ATPSs formed by PEGs of different
molecular weight and NaCit pH 5.20. Compositions of ATPSs are given in Table 1.
Temperature 20 °C.

It is worth of consideration that main contaminants of com-
mercial PAP are other proteins contained in latex such as lyso-
zyme, lipase, trypsin-inhibitor like protein, chitinase [27]. Their
presence in the final product adds potentially undesirable
enzyme activities or prevents the optimal functionality of the
target protein. This fact was considered when optimized the PF
value since its calculation took into account the total protein
content of each phase. However, contamination with small mole-
cules such as fats, sugars, and vitamins, also present in the CPE,
was not considered. These residual impurities could potentially
impact the protein stability and affect its quality [28]. Reducing
sugars are known to form glycation products with proteins via
the Maillard reaction during the storage stage, thus changing
their stability/activity characteristics. Particularly, PAP was
reported to lose the 70% of its initial activity after incubating
with glucose 300 mg/dL for two weeks [29,30]. Because of this,
partitioning behavior of reducing sugars (RS), present in latex,
was also studied.

Fig. 2 shows that the partitioning of RSs was displaced to the
bottom phase in all cases with Kp, gs values lower than 0.1. The sep-
aration coefficient (B), calculated as the ratio Ky pap/Kp, rs, adopted
high values (>7.5) in all the systems. ATPSs formed by PEG2000
and PEG4600 demonstrated to have the best capability of separat-
ing PAP from RSs, however, in these systems both the protein and
the reducing sugars are mostly recovered at the bottom phase. Due
to the low recoveries (20-40%) observed for PAP at the top phase,
the inclusion of an affinity ligand, able to drive selectively PAP par-
titioning to the top phase, seemed to be an appropriate tool to
enhance protein recovery.
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Fig. 2. Partitioning behavior of reducing sugars (RS) of C. papaya latex in ATPSs
formed by PEGs of different molecular weight and NaCit pH 5.20. Separation factor
(B) was calculated as the ratio K, pap/Kp, rs. Compositions of ATPSs are given in
Table 1. Temperature 20 °C.

The use of alginate (ALG) as a macro-ligand in two-phase affin-
ity extractions has been reported for other proteins [14,31]. To
evaluate the effect of this polymer on the partitioning behavior
of PAP, only those systems formed by PEG2000, PEG4600 and
PEG8000 were selected due to their higher values of either B or
PF. The results, depicted in Fig. 3, indicated that ALG partitioning
equilibrium was displaced to the PEG enriched-phase in all the sys-
tems. Similar trend was observed for chitosan, carrageenan and
even for alginate in ATPSs of PEGs and other salts different from
NaCit [15,32]. This uneven partition is a requisite that any ligand
must fulfill to be used in a two-phase affinity extraction [33].

Fig. 3 also shows that PAP partitioning was driven to the top
phase when ALG was included in the ATPSs. Although the drastic
enhancements of K, pap values observed in all the systems, only
that formed by PEG8000 showed to displace the PAP to the top
phase significantly, thus achieving a K, pap value of 2.4. The
driving-effect exerted by ALG on PAP partitioning could be caused
either by changes in PEG and NaCit equilibrium concentrations
(derived from the inclusion of ALG in the ATPS) or by a selective
interaction between ALG and PAP molecules, the latter being a con-
dition necessary to develop a two-phase affinity extraction. To
explore the effect of ALG on the concentration of phase forming
components, the binodal diagrams in absence and presence of
ALG were determined (Fig. 4). No significant changes in binodal
curve and equilibrium compositions were observed. In a previous
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Fig. 3. Effect of ALG on the partitioning behavior of PAP. Final ALG concentration in
each ATPSs was 0.1% (w/w). Compositions of ATPSs are given in Table 1.
Temperature 20 °C.
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Fig. 4. Effect of presence of ALG on the binodal curve and nodes corresponding to
the phase diagram of PEG8000/NaCit pH 5.20. Temperature 20 °C.

work [7], we analyzed the effect of tie line length on K, pap and
we observed that changes in system compositions, higher than
those caused by the presence of ALG, did not change PAP partition-
ing significantly. This suggests that the strong driving effect of ALG
on PAP partitioning to the top phase would not be caused by alter-
ations in system composition. Therefore, the second alternative
above mentioned, i.e. selective interaction ALG-PAP, was
evaluated.

3.2. Evaluation of ALG as an affinity macro-ligand for PAP

Alginate is a  linear  polymer of (1 — 4)-B-b-
mannuronopyranosyl and (1 — 4)-a-L-guluronopyranosyl units.
The dissociation constants of its acid residues (3.38-3.65) make
this polymer acquire increasing negative charge at pHs higher than
4.00, thus becoming an anionic polyelectrolyte. Considering PAP as
a globular protein with a pl close to 9.00, the interaction between
PAP and ALG, both carrying opposite net charges at working condi-
tions (pH 5.20), would be expectable. A rational approach tending
to probe this intuitive presumption is required to support scientif-
ically the experimental observations. For this purpose, several
complementary techniques such as viscometry, dynamic light scat-
tering and isothermal titration calorimetry were carried out.

Viscometry is a sensitive and useful tool for describing the
behavior of flexible chain polymers in solution [34]. Reduced vis-
cosities, (Nr — 1)/CaLc, determined for ALG solutions in absence
and presence of PAP are depicted in Fig. 5. The intrinsic viscosity
(In]) and the Huggins constant (ky) in each case are also shown
within the figure.

The plot obtained for ALG in absence of PAP exhibited a linear
pattern where the reduced viscosity decreased with the polymer
concentration. This behavior, typical of polyelectrolytes, was
reported to derive from the intra-chain electrostatic forces
between the charges of chain backbone which leads to an increase
of reduced viscosity upon dilution [35].

The value of intrinsic viscosity obtained (6.07 dL/g) was far
higher than the value corresponding to a random coil polymer
(3.04 dL/g) of the same molecular weight (66,000 Da), calculated
according to the Mark-Houwink equation [36]. This finding is in
concordance with a more extended and stiff conformation for the
ALG molecule. In presence of PAP, the dependence of reduced vis-
cosity with ALG concentration showed an inverted trend. A linear
plot with positive slope, typical of random coil polymers, with an
intrinsic viscosity value of 3.45 dL/g was observed. This behavior
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Fig. 5. Differences in viscometry behavior of ALG and ALG +PAP solutions.
Temperature 25 °C.

could be explained by a neutralizing effect of PAP on polymer neg-
ative charges which causes a decrease of intra-chain repulsion
forces in the ALG molecules and a consequent shrinkage of the
polymer size. Similar behavior was reported for ALG in presence
of cationic surfactants [37].

Dynamic light scattering measurements were carried out to get
information about the size of ALG and PAP individually and after
mixing them. It is worth of noticing that biopolymer concentra-
tions used in DLS measurements were very low to avoid turbidity
derived from the aggregation phenomenon. The results of DLS are
shown in Table 2. As observed, PAP hydrodynamic radius (R;) was
in the range 3-4nm in concordance with the value of 4.2 nm
reported by other authors [38] for the native conformation. For
ALG solutions, a larger R}, was observed due to the stiff chain con-
formation of ALG polymer, above discussed. When compared with
data of Ry, corresponding to ALG in literature, diverse values in the
range 138-600 nm were found, depending on both the medium
conditions (pH, ionic strength, etc.) and the polymer molecular
weight [39,40]. The ALG +PAP mixture presented a mean size
lower than that observed for the ALG alone. A decrease in the
repulsion among negative charges in ALG, caused by its interaction
with PAP, would be taking place thus decreasing the molecule stiff-
ness and therefore, its size. This agrees with the trend observed in
viscometry.

On the basis of the preceding results, the interaction and com-
plex formation between PAP and ALG were also assessed by micro-
calorimetric techniques. Fig. 6 shows the curve for the isothermal
calorimetric titration of 200 uM PAP into 92 uM ALG in buffer
NaCit 50 mM pH 5.20.

As observed, the resulting data were fitted satisfactorily to a
sequential binding model of two stages. The affinity constant of
each step (K;, K;), the molar enthalpy changes for the binding
(AH¢°, AHy°) and the molar entropy changes (AS;°, AS;°) were
estimated from the fitted curve and summarized in Table 3.

Table 2
Mean hydrodynamic radius (Ry,) of biopolymer solutions containing PAP, ALG and a
PAP + ALG mixture, obtained from DLS measurements.

Biopolymer solution Ry (nm)
PAP 3.49+0.78
ALG 193.48 +36.18

ALG + PAP 137.20+£30.71

Carc = Cpap = 0.01% (W/w).
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Fig. 6. Isothermal titration calorimetry of ALG solution (0.092 mM) contained in a
reaction cell with PAP (0.200 mM) in 50 mM NaCit buffer pH 5.20. Temperature
20°C.

The affinity value for the first binding stage adopted a moderate
value (10* M~ 1) but it increased drastically when bound the second
PAP molecule (10 M~1). This evidenced the presence of a positive
cooperative effect in the interaction between both biopolymers.
Analysis of thermodynamic parameters indicated that the binding
of the first PAP molecule to ALG was enthalpically driven (AH;° <0,
AS;° < 0), thus suggesting the presence of electrostatic forces in the
interaction. The opposite behavior (AH,° >0, AS,°>0) observed
for the second step (entropically driven), suggested the participa-
tion of a “hydrophobic effect” component in the binding [41]. This
combination of enthalpic and entropic steps allow us to postulate
that the negatively charged carboxyl groups of ALG would be inter-
acting with the opposite ones in PAP (protonated lysyl and histidyl
groups) at initial binding stages. As a consequence, the hydropho-
bic chain backbone of ALG would get more exposed and then,
would become capable of interacting, in a second stage, with
hydrophobic pockets present in PAP molecule.

It is important to notice that the stoichiometry of ALG-PAP com-
plex was not achieved due to the lack of titration data at the initial
region of the curve caused by sensibility issues. However, a visual
inspection of Fig. 6, lead us to predict a saturation fractional ratio
(npap/naLg) Which indicates that one molecule of PAP binds several
ALG molecules. This agrees with the behavior observed for other
protein-polysaccharide interactions [42].

3.3. Two-phase affinity partitioning

According to the partitioning experiences above discussed, the
system formed by PEG8000 and NaCit seemed to be the most
appropriate to develop a strategy of affinity extraction. The uneven
partitioning of ALG to the PEG-enriched phase, its ability of inter-
acting tightly with PAP, its capability of being precipitated reversi-
bly with calcium ions in addition to its excellent properties (i.e.,
biodegradability, non-toxicity, non-immunogenicity and biocom-
patibility) make this polymer become an excellent candidate to
be used as an affinity macro-ligand. Fig. 7 shows a schematic rep-
resentation of the strategy carried out for the extraction of PAP ,iex.
All the necessary conditions (ionic strength, calcium chloride con-
centration, aliquots, etc.) required to precipitate and dissolve ALG
complexes are detailed in Section 2.2.4. They were determined in
our laboratory by optimizing the starting information reported
[11,15]. Fig. 7 also shows an additional last step to re-precipitate
ALG for recycling and recover PAP free of ALG. To carried out this
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Table 3

Binding and thermodynamic parameters associated to a two-step sequential model for the interaction between PAP and ALG, obtained from ITC measurements.

First sequential step

Second sequential step

K; (M) AH;° (cal/mole) AS;° (cal/K mole)

Ky (M) AH,° (cal/mole) AS,° (cal/K mole)

1.27-10%+7.00 - 10° -5.88-10*+£1.73-10* -178 17

1.23-10°+3.70 - 10° 8.18-10*+1.70-10* 302 +£25

Thermodynamic parameters are expressed per mole of PAP.

Schematic representation of the proposed two-phase affinity extraction
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Fig. 7. Schematic representation of the affinity partitioning strategy designed to recover PAP from C. papaya latex. Protocol details are indicated in Section 2.2.4.

step, 1M CaCl, solution was added to the SLgeps until a final
concentration of 100 mM. This procedure is not mandatory since
ALG does not interfere with most PAP applications and even acts

Table 4
Performance of two-phase affinity extraction of PAP from C. papaya latex using ALG as
affinity macro-ligand.

Extraction Total Total Specific Recovery %  PF
step activity protein  activity
(u.Abs.[s) content (u.Abs./s mg)
(mg)

Crude extract  0.375 2.79 0.134 100 1.00
Top phasegep;  0.318 1.17 0.271 85 2.01
SNstep2 0.048 0.243 0.201 13 1.50
SLsteps 0.270 0.834 0.323 72 2.41

Composition of PEG8000/NaCit pH 5.20 ATPS is shown in Table 2. Ca¢ final 0.1%
(w/w). Protocol details are indicated in Section 2.2.4. SNsp> is the supernatant of
the precipitation with calcium chloride. SLseps is the solution obtained by dissolving
the precipitate of Step 2.

as a stabilizing agent of the enzyme [43]. The purification indica-
tors obtained are listed in Table 4.

The presence of ALG in the ATPS enhanced PAP recovery at the
top phase (step 1) when compared with the recovery in the
absence of the ligand (21.9%). However, the PF obtained decreased
slightly from 2.48 (without ALG) to 2.01 (with ALG). This suggests
that the driving effect of ALG would be taking place not only on
PAP but also on other similar proteins present in the latex.

The precipitation and dissolution steps (Step 1 and 2) caused a
moderate loss of the target protein (13%) but allowed to obtain a
final product of higher purity. The purification factor of 2.41
appears to be meager since the papain represents nearly the 10%
of the total protein content in latex [27]. However, by considering
that other proteases such as chymopapain and papaya proteinase,
which represent the 40% of total protein content in latex, also con-
tribute to the activity measurements against BAPNA, it is reason-
able to think that the final product of this extraction contains not
only papain but the other cysteine proteases as well. This mixture,
commercially known as refined papain, is highly suitable for indus-
trial purposes.
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4. Conclusions

The stricter environmental regulations and the higher costs
associated to the waste treatment has increased the interest in
developing more sustainable industrial processes. Results
described in this study demonstrated that papain could be recov-
ered satisfactorily by an affinity two-phase extraction with ATPSs
formed by PEG8000 and the biodegradable salt NaCit. The pro-
posed strategy does not require a clarification/filtration step,
allows recovering the phase forming polymer PEG to be recycled
and yields a final proteolytic product suitable for industrial
applications.

An analysis of ALG solutions by different physicochemical
approaches allowed us to conclude that the hydrodynamic behav-
ior of this biopolymer was affected by the presence of PAP due to a
cooperative  interaction  protein-polysaccharide  enthalpy-
entropically driven. Our knowledge of other cysteine proteases
such as bromelain and ficin and their structural similarities with
papain, allow us to speculate on the possible interaction between
ALG and these proteins as well. On this basis, it would expectable
that the usefulness of our findings could be extended to the affinity
extraction of the mentioned proteins.
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