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Abstract

Snake venoms are rich sources of proteins with potential biotechnological and pharmaceutical applications. Among
them, metalloproteases (MPs) and phospholipases A2 (PLA,) are the most abundant. Their isolation involves a multi-
step chromatographic approach, which has proven to be effective, however implies high operating costs and long
processing times. In this study, a cost-effective and simple method based on aqueous two-phase systems (ATPS) was
developed to recover MPs and PLA, from Crotalus molossus nigrescens venom. A system with PEG 400 g mol™', vol-
ume ratio (Vg) 1, tie line length (TLL) 25% w/w and pH 7 showed the best performance for PLA, recovery. In systems
with PEG 400 g mol ™', V5 1, TLL 15% w/w, pH 7 and 1 and 3% w/w of NaCl, selective recovery of MP subtype P-Ill was
achieved; whereas, in a system with PEG 400 g mol™", V5 1, TLL 25% w/w and pH 8.5, MP subtypes P-l and P-Ill were
recovered. Due to their low costs, ethanol-salt systems were also evaluated, however, failed to differentially partition
PLA, and MPs. The use of ATPS could contribute to the simplification and cost reduction of protein isolation processes
from snake venoms and other toxin fluids, as well as potentially aid their biochemical, proteomic and biological
analyses.
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Introduction

Snake venoms are complex toxin cocktails comprising
enzymatic and non-enzymatic proteins, such as phos-
pholipases A2 (PLA,), metalloproteases (MPs), serine
proteases (SPs), cysteine-rich secreted proteins, L-amino
acid oxidases, C-type lectins, myotoxins, disintegrins,
natriuretic peptides, hyaluronidases, nucleosidases and
growth factors (Mackessy 2009). Among its components,
PLA, and MPs have been identified as the most abun-
dant, playing a primary role in many deleterious effects
of snake envenomation (Tasoulis and Isbister 2017). The
study of these toxins is of growing interest for biotech-
nological and pharmaceutical applications, as they can be
used for antivenom design, development of new drugs,
and elucidation of the mechanism of action of venoms
(De Marco Almeida et al. 2015; Gutiérrez et al. 2017;
Laustsen 2018; Bermudez-Méndez et al. 2018). A key
aspect in the study of venom toxins is purity. Pure tox-
ins are required for characterization, identification, and
functional studies, and to avoid non-desired synergis-
tic interactions among venom components (Xiong and
Huang 2018).

Due to the high complexity of snake venoms, the isola-
tion of PLA, and MPs usually involves two or more chro-
matographic separations, including molecular exclusion,
ion exchange, reverse phase and affinity (Serino-Silva
et al. 2018; Ferreira et al. 2018; Simdes-Silva et al. 2021).
The use of a multistep chromatographic approach has
proven to be effective, but it is costly, requires specialized
equipment, and long operating times. New approaches
are needed for the development of optimized and eco-
nomic processes. Aqueous two-phase systems (ATPS)
are an attractive alternative to increase purity while mini-
mizing the number of chromatographic steps (Pereira

et al. 2020). ATPS have demonstrated to be useful as a
partial recovery first step in downstream processes since
it allows to remove a large quantity of contaminants. For
example, ATPS have been incorporated as pre-purifica-
tion steps of different monoclonal antibodies from trans-
genic tobacco (Platis and Labrou 2009).

ATPS are formed when two immiscible aqueous solu-
tions above a certain critical concentration are com-
bined. The recovery and purification of proteins is
commonly performed in polymer—polymer and poly-
mer—salt systems due to their high water content and
low interfacial tension. Additionally, polymers may
have a stabilizing effect on the protein structure (Vara-
davenkatesan et al. 2021). As an inexpensive alternative
to this type of systems, alcohol-salt ATPS have been
efficiently used for the separation of various proteins,
such as prolyl endopeptidase, elongation factor 1y
and green fluorescent protein (Lo et al. 2018; Oliveira
Filho et al. 2020; Jiang et al. 2021). Alcohol-salt ATPS
includes advantages such as easy constituent recovery
and reutilization, high polarity, low toxicity and low
viscosity. When using alcohol-salt ATPS, the compat-
ibility of the protein with the alcohol-rich phase should
be considered to avoid denaturation or inactivation
(Rito-Palomares and Benavides 2017). ATPS have sev-
eral advantages compared to conventional purifica-
tion techniques, such as being relatively simple and
inexpensive, easily operated and scaled up, capability
of process integration, and providing a biocompatible
environment to maintain biological activity (Pereira
et al. 2020). While ATPS are widely used for recover-
ing proteins from complex matrices, application for
recovering proteins from venoms is uncommon. To our
knowledge, only three other studies have reported the
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use of this technique for the isolation of PLA, and MPs
from snake venoms (Gémez et al. 2012; Da Silva et al.
2015; Gomez et al. 2016). The large variation of venoms
composition and activities, both at intra and interspe-
cies levels, makes necessary the establishment of recov-
ery conditions based on particular snake species from
a certain region. Currently, there are no reports on the
recovery of proteins from Crotalus molossus nigrescens
venom using ATPS. This snake has the largest distribu-
tion in Mexico among Crotalus molossus subspecies
(Borja et al. 2018). Previous analyses have shown that
C. m. nigrescens venom has proteases, PLA,, phospho-
diesterase, deoxyribonuclease, fibrinogen coagulase,
collagenase and fibrinolytic activities (Ramirez et al.
1990). Among Crotalus species venoms, C. m. nigre-
scens venom has shown to be one with strongest pro-
teolytic activity and PLA, activity over erythrocytes, as
well as having a high MP content (Ramirez et al. 1990;
Macias-Rodriguez et al. 2014; Borja et al. 2018; Roldan-
Padrén et al. 2019). From this venom, only two toxins
have been isolated using chromatographic methods, a
21.4 kDa P-I MP and a 75 kDa SP (Ramirez et al. 1990).
In this study, the recovery of MPs and PLA, from C. m.
nigrescens venom using ATPS (ethanol-potassium phos-
phate and polyethylene glycol-potassium phosphate)
were explored. The effect of the volume ratio (Vy; volume
of the top phase divided by the volume of the bottom
phase), tie line length (TLL; final mass concentration of
phase components in the top and bottom phases), poly-
ethylene glycol (PEG) molecular weight, pH and sodium
chloride (NaCl) addition was investigated to optimize
the recovery of both enzymes. This study will contribute
to the establishment of a simple and cost-effective alter-
native method for the recovery of MPs and PLA, from
snake venoms and potentially facilitate their study and
biotechnological and pharmaceutical applications.

Materials and methods

Snake venom

C. m. nigrescens venom samples were obtained from spec-
imens maintained in captivity at Universidad Auténoma
de Querétaro Herpetary (Av. de las Ciencias, Santa Rosa
Jauregui, Queretaro, 76230, Mexico) under permission
of Direccién General de Vida Silvestre (Permit No: INE/
CITES/DGVS-CR-IN-0619-QRO00). Venom extraction
was performed as described by Meléndez-Martinez et al.
(2014). After extraction, venom was pooled, lyophilized
and stored at —20 °C until use. Prior to use, lyophilized
C. m. nigrescens venom was solubilized in distilled water
and centrifuged for 15 min at 20,400g using a Prism R
centrifuge (Labnet, NJ, USA) to remove insoluble pro-
teins and cellular debris.
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Partitioning by aqueous two-phase systems
PEG-potassium phosphate ATPS were constructed
based on the binodal curves reported previously by
Zaslavsky (1995). The composition of PEG—potassium
phosphate systems is presented in Additional file 1:
Table S1. The systems were prepared by weighing prede-
termined amounts of PEG nominal molecular weights of
400 (100% w/w solution), 1000 (40% w/w solution) and
3350 (40% w/w solution) g mol~! (Sigma-Aldrich, St
Louis, MO, USA), potassium phosphate buffer (K,HPO,—
KH,PO,, ratio 18:7, pH 7-10, J.T. Baker, PA, USA) and
water. Ethanol-potassium phosphate ATPS were con-
structed based on the binodal curve reported previously
by Gémez-Loredo et al. (2014). The composition of etha-
nol-potassium phosphate systems is shown in Additional
file 1: Table S2. The systems were prepared by weighing
appropriate amounts of ethanol (96%, D.E.Q., NL, Mex-
ico), potassium phosphate buffer (K,HPO,-KH,PO,,
ratio 18:7, pH 7, ].T. Baker, PA, USA) and water. Follow-
ing this, 0.2 g of venom solution at a total protein concen-
tration of 5 mg/mL were added to each system to obtain
a system total weight of 2 g. Systems were thoroughly
mixed by gentle agitation for 15 min at 4 °C. Complete
phase separation was achieved by centrifuging at 11,200 g
for 10 min at 4 °C using a Prism R centrifuge (Labnet, NJ,
USA). The final volume of each phase was determined
visually in graduated tubes. Then, each phase was care-
fully separated with the aid of a micropipette for total
protein, caseinolytic, PLA, activity determination or
SDS-PAGE analysis. All samples were analyzed against
a blank system prepared with 0.2 g of water instead of
venom solution. The top phase recovery percentage (%R)
and purification factor (PF) were further calculated using
the following equations:

%R = (Utop/Uloaded) x 100, (1)

where Uy, is the total enzymatic units of MPs or PLA,
or total protein in the top phase, and U 4.4 is the total
enzymatic units of MPs or PLA, or total protein in 0.2 g
of venom solution:

PF = ACttop/ACtvenom; (2)

where Act,,, is the specific activity of MPs or PLA, in the
top phase, and Act,,, ., is the specific activity of MPs or
PLA, in 0.2 g of venom solution.

To study the recovery of MPs and PLA, in PEG—potas-
sium phosphate systems, the effect of several system
parameters was evaluated. Initially, the effects of the
PEG molecular weight (400, 1000 and 3350 g mol™}),
TLL (15, 25, 35 and 45% w/w) and V (0.33, 1 and 3)
were analyzed. Then, the effect of NaCl addition in MPs
and PLA, recovery was investigated in the systems with
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best separation performance (TLL 15 and 25% w/w, PEG
400 g mol ! and Vg, 0.33 and 1). Finally, improvement of
the enzymes partition was attempted by varying the pH
(7-10) of the systems.

In ethanol-potassium phosphate systems, the effect of
Vi on MPs and PLA, partition was investigated at 0.33,
1 and 3. All of the systems were constructed at TLL 40%
W/W.

Total protein quantification

Total protein concentration of C. m. nigrescens venom
and ATPS phases were determined by the Bradford pro-
tein assay using bovine serum albumin (Bio-Rad Labora-
tories, CA, USA) as standard (Bradford 1976). Briefly, 10
pL of sample were mixed with 250 uL of Bradford rea-
gent (Sigma-Aldrich, St Louis, MO, USA) and incubated
10 min. After, absorbance was measured at 595 nm using
a Synergy HT microplate reader (Biotek, VT, USA).

Caseinolytic activity determination

Protease activity was determined using casein (Lamesa
S.A. de C.V,, Gto, Mexico) as substrate according to the
method of Das et al. (2013). Appropriate amounts of C.
m. nigrescens venom and ATPS phases were diluted in
100 pL of phosphate buffered saline (PBS) pH 7.4 (Sigma-
Aldrich, MO, USA) and incubated with 200 pL of 1%
(w/v) casein in 20 mM Tris—HCI buffer, pH 7.4, for 1 h
at 37 °C. The reaction was stopped with cold 15% (w/v)
trichloroacetic acid (TCA; J.T. Baker, PA, USA) and cen-
trifuged for 15 min at 450 g using a Prism R centrifuge
(Labnet, NJ, USA). Supernatant was collected and solu-
ble digested protein was determined by ninhydrin-based
protein assay using L-leucine (Sigma-Aldrich, MO, USA)
as a standard (Starcher 2001). The units of protease enzy-
matic activity were defined as one mmol equivalent of
L-leucine formed per minute per mL (Das et al. 2013).

PLA, activity determination

PLA, activity was determined according to the proto-
col of Corrigan et al. (Corrigan et al. 1983) with modifi-
cations. An egg yolk was dissolved in 1 L of 0.9% (w/v)
NaCl. Egg yolk solution (50 puL) was added to appropri-
ate amounts of C. m. nigrescens venom and ATPS phases
diluted in 200 pL of PBS pH 7.4. The reaction was incu-
bated at 37 °C and turbidity was measured at 925 nm at
5 min and 15 min using a Synergy HT microplate reader
(Biotek, VT, USA). The units of PLA, enzymatic activity
were defined as the difference of turbidity at 5 min and
15 min per mL per min.

Effect of pH on enzymatic activity
The effect of pH on enzymatic stability was performed
incubating the C. m. nigrescens venom at 37 °C for 15 min
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in 50 mM acetate buffer (pH 4-5.5), 50 mM phosphate
buffer (pH 6-8) and 50 mM Tris—HCI buffer (8.5-10).
After incubation, caseinolytic and PLA, activities were
determined as previously described.

SDS-PAGE analysis

For SDS-PAGE analysis, enzymes were recovered from
PEG and potassium phosphate phases using 3 kDa Ami-
con ultrafilters (Merck Millipore, MA, USA); whereas,
enzyme recovery from the ethanol phase was performed
using a SAVANT centrifugal evaporator (Thermo Fisher
Scientific, MA, USA). The protein pattern from 10 pg of
C. m. nigrescens venom and ATPS phases were observed
in a 12% SDS-PAGE gel according to the method of Sam-
brook and Russell (Sambrook and Russell 2001) and
stained with Coomassie colloidal stain (Bio-Rad Labora-
tories, CA, USA) (Dyballa and Metzger 2009), using Pre-
cision Plus Protein Dual Xtra (Bio-Rad Laboratories, CA,
USA) as a molecular weight marker. Densitometric anal-
ysis was performed with SDS-PAGE and using Image] 1.8
software (U.S. National Institutes of Health, Bethesda,
Maryland, USA). Densitometry was calculated using the
following equation:

Densitometry = (PDsample/PDvenom) x 100, (3)

where PD, .. is the pixel density of the MPs or PLA,

bands in the selected ATPS phases, and PD,, is the
pixel density of the MPs or PLA, bands in C. m. nigres-
cens venom.

Data analysis

Results were expressed as mean=standard error
according to the number of experiments performed.
Each dependent variable (%Ry;p, %Rpp Az %R total pro-
tein, PFyp, and PFp;,,) was analyzed through one-way
ANOVA (p<0.05). When ANOVA showed significative
differences, Tukey post hoc test was performed. Data
were analyzed using a multivariate statistical test, specifi-
cally, principal component analysis (PCA). PCA allowed
data reduction, and graphical examination of independ-
ent variables effect over dependent variables. All experi-
ments were carried out at least in triplicate. The statistical
analyses were done in Minitab 18 (PA, USA) and plotted
in Prism Graph Pad 6.

Results and discussion

Recovery of MPs and PLA, in PEG-salt systems

To study the recovery of MPs and PLA, in PEG-salt
systems, different system parameters, including PEG
molecular weight, V, TLL, NaCl addition and pH were
evaluated. It is important to remark that in these sys-
tems, enzyme activity recoveries higher than 100% were
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obtained (Tables 1, 2 and 3). This behavior has been fre-
quently reported for several enzymes, including MPs and
phospholipases, when they are recovered using ATPS
(Cavalcanti et al. 2006; Babu et al. 2008; Porto et al.
2008; Karkas and Onal 2012; Duque Jaramillo et al. 2013;
Ketnawa et al. 2013; Nascimento et al. 2016; Vazquez-
Villegas et al. 2018). PEG can alter the structure of the
enzyme active sites, and consequently, might enhance
its relative activity (Pancera et al. 2002; Babu et al. 2008;
Porto et al. 2008; Karkas and Onal 2012). Enzyme acti-
vation could also be attributed to the decrease or elimi-
nation of potential inhibitors in the phases during the
partitioning process (Mayerhoff et al. 2004; Karkas and
Onal 2012; Nascimento et al. 2016). The presence of MPs
inhibitors in vipers’ venom has been demonstrated in
several reports (Segura et al. 2017; Leonardi et al. 2019;
Giribaldi et al. 2020). Other possible mechanism for
enzymes activation, particularly for MPs, includes stabili-
zation against autolysis due to the presence of PEG (Chae
et al. 2000). It has been reported that proteases from C.
m. nigrescens venom are greatly unstable due to autol-
ytic degradation (Ramirez et al. 1990). Also note that the
enzymatic activity of PLA, and MPs could not be quanti-
fied in the top phase of some PEG-salt systems, since the
enzymatic activity was too low to be detected.

Effect of PEG molecular weight, VR and TLL on the recovery
of PLA, and MPs in PEG-potassium phosphate systems

The influence of PEG molecular weight on MPs and
PLA, recovery was analyzed at three different values
(400, 1000 and 3350 g mol™!). Results showed a simi-
lar behavior for most of the systems. The %R and PF of
PLA, and MPs increased when PEG molecular weight
was changed from 400 to 1000 g mol™" (Table 1). How-
ever, when PEG molecular weight was increased from
1000 to 3350 g mol ™!, an opposite effect was observed;
the %R and PF of PLA, and MPs decreased (Table 1).
This behavior suggests that several factors are involved
in the recovery of both enzymes. An increase in PEG
molecular weight reduces the free volume available in
the PEG-rich phase for proteins (Yavari et al. 2013). This
could explain the behavior of both enzymes when PEG
molecular weight varied from 1000 to 3350 g mol~'. On
the other hand, the increase in PLA, and MPs recovery
observed when PEG molecular weight was changed from
400 to 1000 g mol ™ could be attributed to an interaction
between the enzymes and the polymer. As PEG molec-
ular weight increases, the ratio of hydrophilic groups
to hydrophobic area is reduced, occasioning a rise in
hydrophobicity (Rito-Palomares and Benavides 2017).
Therefore, if a protein has hydrophobic affinity, its parti-
tion will be enhanced towards the PEG-rich phase. Since
PLA, and MPs recovery is enhanced to the top phase

Page 5 of 15

when PEG molecular weight increases, it can be assumed
that these enzymes have certain hydrophobic affinity.

The influence of the V was analyzed at three differ-
ent values (0.33, 1 and 3). In most of the systems, the
%R of both enzymes was greater at a V of 3 (Table 1).
An increment of V implies an increase of the available
free volume in the top phase, which overcomes satura-
tion problems and promotes partition of the molecules
towards the top phase (Benavides and Rito-Palomares
2008; Gémez-Loredo et al. 2014). A similar effect was
observed by Gomez et al. (2016). As seen in Table 1,
Vi modification had a different effect on the purity of
each enzyme. At PEG molecular weights of 400 and
1000 g mol ™}, the PF of MPs was enhanced when the Vi
was reduced to 0.33. While at a PEG molecular weight
of 3350 g mol~?, the PF of MPs increased as the Vy also
increased. The PF of PLA, reached its highest values
when the V; was raised to 3. This behavior could be asso-
ciated to the affinity of MPs, PLA, and contaminant pro-
teins towards the top phase and the free volume available
in both phases (Benavides and Rito-Palomares 2008). C.
m. nigrescens venom comprised multiple proteins and
components, and their partition behavior in the system
affects the recovery and purity of MPs and PLA,,.

Lastly, the effect of the TLL was analyzed. The effect of
this parameter on the %R and PF of MPs and PLA, varied
according to the V and PEG molecular weight (Table 1).
The free available volume in the system depends on
the interaction of several factors including the V, PEG
molecular weight and TLL. It has been reported that
free volume in the bottom phase decreases as the TLL
increases, and in consequence the migration of proteins
is promoted to the top phase (Benavides and Rito-Palo-
mares 2004). Due to the relative affinity of both enzymes
to the top phase, it was expected that at lower PEG
molecular weights, higher V and TLL, higher recoveries
would be obtained. However, results showed that this was
not always the case, probably due to migration of other
components and proteins present in the venom towards
the top phase. As a consequence, the amount of MPs and
PLA, in this phase was reduced, and their recovery and
purity was negatively affected (Aguilar et al. 2006; May-
olo-Deloisa et al. 2009). Note that in some of the systems,
the PF remained relatively constant even when the TLL
was modified. This could be attributed to compensation
of the negative effect of contaminant proteins migrat-
ing to the top phase by a higher enzyme activity increase
(Aguilar et al. 2006).

The cumulative effects of PEG molecular weight, Vy
and TLL on either PLA, or MPs recovery and purity were
analyzed using PCA (Fig. 1A). The PCA showed that
the best systems to recover MPs in the top phase were
found in the upper-right quadrant, as this zone has a
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higher recovery of total protein and MPs, and PF of MPs,
whereas the systems observed in the lower-right quad-
rant had the best conditions to recover PLA, recovery
in the top phase. The explained variance of the dataset
was 81.9%, suggesting a true tendency. The PCA sug-
gested that the systems S1, S2, S5 and S6 were the most
differentiated, with higher capacity to retain MPs in the
top phase, partitioning the PLA, to the bottom phase
(Fig. 1C). In these systems, there was a high activity of
MPs and low PLA, activity in the top phase. Since enzy-
matic activity was affected by the phase components and
this could lead to bias in the interpretation of separation
performance, an electrophoretic and densitometric anal-
ysis of systems S1, S2, S5, and S6 was performed (Addi-
tional file 2: Figure S1A and C). The results showed that
in all of the systems, PLA, (14 kDa band) migrated to the
bottom phase (Mackessy 2009). Interestingly, disintegrins
and myotoxins (10 kDa band) were also observed in this
phase, evidencing selective partition of these proteins.
Notice that MPs are also present in the bottom phase,
however in a lower amount than PLA,. Since system S6
showed a higher intensity of the band corresponding to
PLA, in the bottom phase, it was selected as the best sys-
tem to recover this enzyme from the crude venom.

Effect of NaCl addition to PEG-potassium phosphate systems
on the recovery of MPs and PLA,

In most cases, the addition of neutral salts to ATPS
allows to modify the partition of proteins towards one of
the phases (Amid et al. 2012). Therefore, to optimize the
recovery of PLA, and MPs, the addition of NaCl at differ-
ent concentrations was investigated using systems S1, S2,
S5 and S6 (PEG 400 g mol~}, TLL 15 and 25% w/w and
V¢ 0.33 and 1). According to the results (Table 2), when
NaCl was added to the systems, the %R and PF of MPs
decreased. An opposite effect was observed for PLA,; the
top phase %R and PF increased by several orders of mag-
nitude when NaCl was added. The highest R% and PF of
PLA, were achieved at a V 0.33, TLL 15% w/w and 1%
w/w NaCl. The lowest R% and PF of MPs were obtained
ata Vyof 1, TLL 15% w/w and 1% w/w NaCl.

The presence of NaCl may be affecting the recovery of
PLA, and MPs due to hydrophobic interactions (Rosa
et al. 2007). The addition of NaCl produces an increase of
the amount of water in the bottom phase required for the
solvation of salt ions. As a result, the hydrophobicity dif-
ference between the two phases increases, promoting the
migration of more hydrophobic proteins to the top phase
(Rosa et al. 2007). Since NaCl addition to the systems
decreased the recovery of MPs on the top phase, it is pre-
sumable that the hydrophobicity of PLA, is higher than
those of MPs. However, Farruggia et al. (Farruggia et al.
2004) suggested another possible mechanism, in which

Page 8 of 15

polymer excluded volume is the main factor driving pro-
tein partition in ATPS at high salt concentration. Accord-
ing to the authors, in systems with a salt concentration
higher than 0.3 M a loss of structured water around the
PEG molecule is induced (Farruggia et al. 2004). The
loss of water structure involves a reduction of the poly-
mer molecule specific volume, resulting in an increase in
the volume available for the protein to migrate to the top
phase (Reh et al. 2007).

The addition of NaCl also generates an electric poten-
tial difference between the phases which can drive the
migration of proteins towards one phase depending on
their charge. Chloride ions are water structure break-
ers and partition predominantly to the PEG-rich phase
(Glyk et al. 2016). Thus, the PEG-rich phase becomes
more negative when NaCl is added to the system and
consequently, positively charged proteins migration is
enhanced towards this phase (Andrews et al. 2005; Rosa
et al. 2007). The isoelectric point (pI) of PLA, in snake
venom secretion is highly variable; the same venom con-
tains both acidic and basic isoforms (Tonello and Rigoni
2017). A similar case occurs for MPs, since diverse sub-
types and isoforms with a wide range of pls are present in
snake venoms (Calvete et al. 2009; Georgieva et al. 2010;
Markland and Swenson 2013). When NaCl was added
to the systems at pH 7 (system pH), PLA, recovery was
enhanced and MPs recovery diminished in the top phase.
Therefore, based on this behavior, it can be assumed that
the isoforms present in the venom are mostly basic and
acidic for PLA, and MPs, respectively.

The PCA demonstrated that NaCl addition altered
partition behavior of the enzymes, favoring partition
of PLA, to the top phase (Fig. 2A). Among the evalu-
ated systems, S43, S44, S47, and S48 were the most dif-
ferentiated with higher partitioning capacity of MPs and
PLA,. Further electrophoretic analysis of these systems
demonstrated that most PLA, and MPs remained in the
top phase of the systems, while the MP subtype P-III
(46 kDa) was selectively partitioned to the bottom phase
(Fig. 2B) (Mackessy 2009). The poor partition of MP P-III
to the bottom phase in systems S43 and S44 (Additional
file 2: figure S1B) does not explain the low activity of MPs
observed in the top phase of these systems (Table 2), as
this MP subtype confers major protease activity in C. m.
nigrescens venom (Roldan-Padrén et al. 2019). This sug-
gests that NaCl addition provided an unsuitable environ-
ment in the top phase for MPs activity and thus, could
not be quantified. Since systems S43 and S44 showed a
higher intensity of the band corresponding to MP P-III in
the bottom phase, they were selected as the most suitable
for recovering this enzyme.
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Table 3 Effect of pH on the recovery of MPs and PLA, in PEG-salt systems

Page 9 of 15

System System parameters Top phase recovery percentage (%R) Top phase purification factor (PF)
identifier PEGmolecular TLL(% pH  MPs PLA, Total protein MPs PLA,
weight (g w/w)
mol™")
549 033 15 75 27349 4 2623%¢ 311847689 9322 4£39% 589 4 066°Pdefa 683 4 1.830¢
S50 80 189.54421.07%9" 5614 286° 10000 4372  3.73 £ 050989 1.11 £ 058
551 85 180.78 & 6.33%F9" 187 & 3.74°f 621549339 606 +0.822°<%ef 106 +053°
552 90 2222041462890 3744 203 49.02 + 2.72¢ 9114075 1.06 4 0.86°
553 95 378244 0944 ND 10000+ 632° 8624 0.20* ND
S54 100 25761 £ 15979%f 1.06 + 053¢ 10000 4+ 832%  4.05+0.11989 0.16 4 0.08°
555 25 75 27770429789 48334£1419°  82794+248°% 6694 0632Pce 11.70 £ 341°
S56 80  152.50 4 545°F9 ND 100.00 + 1041%  2.82 4 0.15%" ND
S57 85 12693 +4629" 249 £ 031¢f 5547 +£11.18%¢ 505 4 1.1794¢f9 103 4 0.34°
558 90 1313446001 ND 5787 £818% 527 +259P<dela ND
59 95  402.92 4 19.49%0¢ ND 100004+ 369°  6.88 4 0.25%b<d ND
S60 100 21377 £7.67%%9N ND 10000+ 10.76° 341 =% 0.34%/9" ND
561 1 15 75 421104 5234%0 36289 £4.50° 4645+ 3459 8.22 4 0.68%°¢ 7191 + 5.92°
S62 80 21928 43742¢M9"  1029+3.14%F  8740+£31.13%°¢ 2894 1.16%9N 149 £ 0.82°
563 85 136.16 4 832" 3.74 +306% 37.12 £ 347¢ 3.70 + 0.26%¢49 0.70 £ 0.70°
S64 90 1723248027%9" 1473 +£1203% 4962 + 4.79¢ 3.19 4+ 151N 192 4 192¢
565 95 50893 = 25417 842 + 6.87% 10055+ 285° 506 = 0.1204ef9 0.54 + 0.54°
566 100 239524512819 ND 100004+ 9.10° 249 +0.169" ND
S67 25 75 45704+ 67.24%° 38690 4 2.99° 4749 £ 3.37¢ 8.14 + 1.37%b¢ 68.65 = 5.36°
568 80 19651 42130%" 1921 +654% 4948 4+ 1759 3.60 + 0.28%¢49 1494+ 1.17°
569 85 131.16 4 19.35%9" 514 =+ 3.06%f 32004 160% 37540624419 102 4 1.02°
570 90 10636+ 7435" 11554943%F 448648571 276 £ 21690 2304 230°
S71 95 ND ND ND ND ND
S72 100 27538+ 15.76%%¢ ND 100.00 + 12357 3.08 4 048" ND

When the enzymatic activity was too low to be quantified, non-detected (ND) is indicated. Values in the same column with different letters are significantly different

(p<0.05)

Effect of pH on the recovery of MPs and PLA,

An important parameter that affects protein partition
is the pH of the system. The pH alters proteins superfi-
cial charge, which causes a variation in their migration
towards certain phase. The influence of pH on the recov-
ery of MPs and PLA, was evaluated using systems S1,
S2, S5 and S6 (PEG 400 g mol~!, TLL 15 and 25% w/w
and V; 0.33 and 1). Results showed that in a range from
8 to 10, both the %R and PF of MPs were superior from
those obtained for PLA, (Table 3). This behavior could
be attributed to the influence of pH on electrochemical
interactions. PEG has a positive dipolar momentum due
to its terminal hydroxyl groups (Benavides and Rito-Pal-
omares 2008). Thus, if the system pH is modified to val-
ues above the protein pl, enhanced affinity between PEG
and the negatively charged protein is induced (Benavides
and Rito-Palomares 2008; Asenjo and Andrews 2011;
Mehrnoush et al. 2012; Rito-Palomares and Benavides
2017). Previous results suggested that MPs isoforms in
the venom are mostly acidic (see 3.1.2. Effect of NaCl

addition upon the partition of MPs and PLA,). Therefore,
at a pH range of 8 to 10, MPs are negatively charged, and
their partition is enhanced towards the top phase. The
recovery and purity of MPs and PLA, could also be influ-
enced by the different protein families and isoforms in
the venom, which depending on their charge will migrate
preferentially towards one phase at the different evalu-
ated pH values.

In this case, the PCA did not show a clear pattern of
recovery for both enzymes (Fig. 3A). This behavior sug-
gests that probably enzymatic activity was altered by pH
variation and not by the partition of both enzymes and
contaminant proteins to either of the phases. To get a
better insight between the enzymatic activity and pH
variation, PLA, and MPs activities were evaluated at dif-
ferent pH values (Fig. 3B). Results showed that PLA, has
a higher activity at a neutral pH, while MPs at an alkaline
pH. Since higher enzymatic activity due to pH variation
could have caused a misleading increase of %R and PF for
both enzymes, systems with higher partitioning capacity
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were chosen based on their total protein %R. In most of
the systems, total protein %R suggested partition absence
(Table 3). Therefore, those that had lower values of total
protein %R were chosen to perform an electrophoretic
analysis of partition (S51, S52, S58, S63, S64, and S69)
(Fig. 3C). Among the evaluated systems, S69 showed the
highest partitioning capacity. In the bottom phase of this
system, three bands (46, 24 and 21 kDa) corresponding
to different subtypes of MPs were observed along with
a lower content of PLA, compared to C. m. nigrescens
crude venom (Additional file 1: figure S1C) (Markland
and Swenson 2013). These results suggest that this sys-
tem is the most adequate to recover MPs.

Recovery of MPs and PLA, in ethanol-potassium
phosphate systems

Alcohol-salt systems have been used to purify enzymes
effectively (Ooi et al. 2009; Amid et al. 2012; Simental-
Martinez et al. 2014). In this work, ethanol-potassium

phosphate systems were used to recover MPs and PLA,.
The results showed that the activity of PLA, in the top
phase was enhanced (Table 4). The greatest top phase
%R of PLA, was obtained at a V of 1 (519.89%). Previ-
ous studies have shown that PLA, stability and activ-
ity are increased in the presence of organic solvents,
including ethanol (D’auria et al. 1999; Bacha et al. 2011).
This change possibly occurs due to an alteration of the
amount of water available for enzyme solvation, which
in consequence affects catalytic activity and hydration of
the active site (Carrea and Riva 2000; Yang et al. 2004).
On the other hand, MPs recovery in the top phase was
negatively affected. Amid et al. (2012) reported that etha-
nol decreased significantly the activity of SP in compari-
son to other organic solvents, such as 1-propanol and
2-propanol. They concluded that the longer hydropho-
bic chain of propanol provided a milder environment for
the enzyme. The partition behavior of both enzymes in
this type of system is in agreement with previous results



Enriquez-Ochoa et al. Bioresources and Bioprocessing (2021) 8:136

A . ® pH75
%RmP ¢ H8
P!
5 H il Y e pHB5
° s52 e pHY
gt s
N s
S, &
= ® %863
b %RpLA2
PFpLa2
2.
T T T
2 0 2 4
PC1
B
-— W
— - PLA2
se 100
2
2
—
®
o 904
2
e
8
)
(14
0 7 -
4 6 8 10
pH
C
MWM S51 $52 $58 $63 S64 69
(0a) T B T B T B T B T B T B i
=k == = | = >
T - - E - -—-.
. - - -
. . - <
- -— - - - -
TR - e N -
T 154 25 15 25
VR 033 1.00
PH 8.50 9.00 8.50 9.00 8.50
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(see 3.1.2. Effect of NaCl addition upon MPs and PLA,
partition). In alcohol-salt systems, compounds with
higher hydrophobicity tend to migrate to the alcohol-rich
phase, while hydrophilic compounds are transferred to
the salt-rich phase (Ma et al. 2013). Similarly, as in PEG—
salt systems with NaCl, it seems that PLA, has a higher
hydrophobicity than MPs and contaminant proteins.
Regarding the effect of Vj, a similar behavior was
observed for both enzymes. In general, when the Vj

Page 11 of 15

was increased from 0.33 to 1, the top phase recovery
also increased. However, when the V was increased to
3, recovery decreased. Systems with a higher V;, have
higher concentrations of ethanol. Therefore, this loss
in activity could be associated with denaturation of the
enzymes at higher ethanol concentrations. Previous stud-
ies have demonstrated that high concentrations of this
alcohol reduce the activity of both lipase and SP (Ooi
et al. 2009; Amid et al. 2012). Similar results were also
observed by Simental-Martinez et al. (2014) when char-
acterizing the partition of superoxide dismutase in etha-
nol-potassium phosphate ATPS.

The recovery of MPs and PLA, in ethanol-salt systems
was summarized using PCA (Fig. 4A). It was evident that
PLA, activity was enhanced in this type of system. In
fact, the pattern was similar to the one observed in PEG—
salt systems with NaCl (see Fig. 2A), in which systems
distribution was driven towards PLA, PF and %R and
an absence of MPs activity. Regarding electrophoretic
analysis, no bands were observed in the bottom phases of
these systems on SDS-PAGE (Fig. 4B). However, in sys-
tems S74 and S75, the intensity of MPs bands decreased
in comparison to C. m. nigrescens venom (Additional
file 1: Figure S1D). This behavior could be attributed to
MPs migration to the interphase, which was probably
occasioned by the high ethanol concentration in the sys-
tems. A similar behavior has been suggested for other
type of molecules in alcohol-salt systems at increasing
ethanol concentrations (Zhang et al. 2013).

Conclusions

In this study, the recovery of MPs and PLA, from C.
molossus nigrescens venom using ATPS was investi-
gated. After the evaluation of the effect of different sys-
tem parameters, results showed that in PEG—potassium
phosphate systems selective recovery of MPs and PLA,
was achieved. For recovery of PLA,, a system with PEG
400 g mol ™%, Vi 1, TLL 25% w/w and pH 7.0 showed the
best performance. In systems with PEG 400 g mol ™, V
1, TLL 15% w/w, pH 7.0 and NaCl concentrations of 1
and 3% w/w, selective recovery of P-III MP in the bot-
tom phase was achieved; whereas a system with PEG
400 g mol ™!, Vi 1, TLL 25% w/w and pH 8.5 allowed to
recover different MPs subtypes from the venom in the
bottom phase. These systems were selected based on the
best recovery and purification performance of either MPs
or PLA, determined by PCA, as well as electrophoretic
analysis of both phases. Ethanol-salt systems at three dif-
ferent V (0.33, 1 and 3) were also tested, however failed
to differentially partition PLA, and MPs. As a recom-
mendation for future studies, the partition of PLA, and
MPs could be evaluated using ethanol—salt systems with
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Table 4 Recovery of metalloproteases (MPs) and phospholipases A2 (PLA,) using ethanol-potassium phosphate systems

System System parameters Top phase recovery percentage (%R) Top phase purification factor
identifier (PF)
PEG molecular  Ethanol MPs PLA, Total protein MPs PLA,
weight (g concentration
mol~T) (% w/w)
S73 033 8.5 2049+6.87° 12828+6.13° 39.36+0.78° 1.18+£0.38 7554£1.39
a a
S74 1 16 50.83£8.94° 51989422770  2067+£193° 2594060 260.89428.72
b a
S75 3 24.25 ND 407.734+206.12°  11.02+0.93¢ ND

268.08+139.77
a

When the enzymatic activity was too low to be quantified, non-detected (ND) is indicated. Values in the same column with different letters are significantly different

purify snake venoms, a complex mixture of proteins,
making this process simpler and cheaper. Once that the
enzymes are separated, they may be recovered from the
bottom phase through several methods including ultra-
filtration, dialysis and the use of desalting columns. After
enzyme recovery, the remaining salts in the bottom
phase can be precipitated and used for a new extraction
cycle. In addition, if higher enzyme purity is required, a
chromatographic step may be included. The use of ATPS
could potentially aid biochemical, biological and prot-
eomic analyses of snake venoms and other complex toxin
fluids.
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lower ethanol concentrations. Also, alcohol-salt systems
of a milder solvent, such as propanol could be tested.

The application of ATPS could potentially reduce the
number of chromatographic steps usually required to

Additional file 1: Table S1. Composition of PEG-potassium phosphate
systems used in this study. Table S2. Composition of ethanol-potassium
phosphate systems used in this study.

Additional file 2: Figure S1. Densitometric analysis of MPs and PLA2
bands from SDS-PAGE ATPS systems. A) densitometric analysis of the
selected PEG-potassium phosphate systems, B) PEG-potassium phosphate
systems at different NaCl concentrations, C) PEG-potassium phosphate
systems at pH values and D) ethanol-salt systems. The 47 kDa band cor-
respond to P-IIl MPs, 24 to P-I MPs and the 14 kDa to PLA2..

Acknowledgements

Daniela Enriquez-Ochoa and David Meléndez-Martinez thank CONACyT for
the support provided through scholarships 712327 and 548216, respectively.
Special thanks are due to Jorge Clorio-Carrillo and Brenda Vargas-Dorantes
from Tecnologico de Monterrey for their technical assistance.


https://doi.org/10.1186/s40643-021-00487-y
https://doi.org/10.1186/s40643-021-00487-y

Enriquez-Ochoa et al. Bioresources and Bioprocessing (2021) 8:136

Authors’ contributions

DE-O, DM-M, CL-C, and KM-D conceived and designed the experiments.
DE-O and DM-M performed all the experimental assays. DE-O, DM-M, JMA-Y,
CL-C, and KM-D performed the data analysis. CL-C and KM-D directed the
project and obtained financial support. DE-O, DM-M, JMA-Y, CL-C, and KM-D
revised and edited the manuscript. All authors read and approved the final
manuscript.

Funding
Not applicable.

Availability of data and materials
The datasets supporting the conclusions of this article are included within the
article and its additional files.

Declarations

Ethics approval and consent to participate

C. m. nigrescens specimens used in this research were maintained in
captivity at Universidad Auténoma de Querétaro Herpetary under per-
mission of Direccion General de Vida Silvestre (Permit No: INE/CITES/
DGVS-CR-IN-0619-QRO00).

Consent for publication
Not applicable.

Competing interests
There authors declare that they have no competing of interest.

Author details

'Tecnologico de Monterrey, School of Engineering and Sciences, Centro de
Biotecnologia-FEMSA, Av. Eugenio Garza Sada 2501 Sur, 64849 Monterrey, NL,
Mexico. *Tecnologico de Monterrey The Institute for Obesity Research, Av.
Eugenio Garza Sada 2501 Sur, 64849 Monterrey, NL, Mexico.

Received: 5 October 2021 Accepted: 12 December 2021
Published online: 28 December 2021

References

Aguilar O, Albiter V, Serrano-Carredn L, Rito-Palomares M (2006) Direct
comparison between ion-exchange chromatography and aqueous two-
phase processes for the partial purification of penicillin acylase produced
by E. coli. J Chromatogr B Anal Technol Biomed Life Sci 835:77-83. https://
doi.org/10.1016/}jchromb.2006.03.016

Amid M, Shuhaimi M, Islam Sarker MZ, Abdul Manap MY (2012) Purification of
serine protease from mango (Mangifera Indica Cv. Chokanan) peel using
an alcohol/salt aqueous two phase system. Food Chem 132:1382-1386.
https://doi.org/10.1016/j.foodchem.2011.11.125

Andrews BA, Schmidt AS, Asenjo JA (2005) Correlation for the partition
behavior of proteins in agqueous two-phase systems: effect of surface
hydrophobicity and charge. Biotechnol Bioeng 90:380-390. https://doi.
org/10.1002/bit.20495

Asenjo JA, Andrews BA (2011) Aqueous two-phase systems for protein separa-
tion: a perspective. J Chromatogr A 1218:8826-8835. https://doi.org/10.
1016/j.chroma.2011.06.051

Babu BR, Rastogi NK, Raghavarao KSMS (2008) Liquid-liquid extraction of bro-
melain and polyphenol oxidase using aqueous two-phase system. Chem
Eng Process 47:83-89. https://doi.org/10.1016/j.cep.2007.08.006

Bacha BA, Karray A, Bouchaala E et al (2011) Purification and biochemical
characterization of pancreatic phospholipase A2 from the common
stingray Dasyatis pastinaca. Lipids Health Dis. https://doi.org/10.1186/
1476-511X-10-32

Benavides J, Rito-Palomares M (2004) Bioprocess intensification: a potential
aqueous two-phase process for the primary recovery of B-phycoeryth-
rin from Porphyridium cruentum. J Chromatogr B 807:33-38. https://doi.
0rg/10.1016/j.jchromb.2004.01.028

Page 13 of 15

Benavides J, Rito-Palomares M (2008) Practical experiences from the
development of aqueous two-phase processes for the recovery of high
value biological products. J Chem Technol Biotechnol 83:133-142

Bermudez-Méndez E, Fuglsang-Madsen A, Fgns S et al (2018) Innovative
immunization strategies for antivenom development. Toxins 10:452.
https://doi.org/10.3390/toxins10110452

Borja M, Neri-Castro E, Pérez-Morales R et al (2018) Ontogenetic change
in the venom of mexican black-tailed rattlesnakes (Crotalus molossus
nigrescens). Toxins 10:501. https://doi.org/10.3390/toxins10120501

Bradford MM (1976) A rapid and sensitive method for the quantitation of
microgram quantities of protein utilizing the principle of protein-dye
binding. Analyt Biochem 72:248-254. https://doi.org/10.1016/0003-
2697(76)90527-3

Calvete JJ, Fasoli E, Sanz L et al (2009) Exploring the venom proteome of the
western diamondback rattlesnake, Crotalus atrox, via snake venomics
and combinatorial peptide ligand library approaches. J Proteome Res
8:3055-3067. https://doi.org/10.1021/pr900249¢q

Carrea G, Riva S (2000) Properties and synthetic applications of enzymes in
organic solvents. Angew Chem Int Ed 39:2226-2254. https://doi.org/
10.1002/1521-3773(20000703)39:13%3c2226::aid-anie2226%3e3.0.
co;2-l

Cavalcanti MTH, Porto TS, De Barros NB et al (2006) Aqueous two-phase
systems extraction of a-toxin from Clostridium perfringens type A.J
Chromatogr B Anal Technol Biomed Life Sci 833:135-140. https://doi.
0rg/10.1016/j.jchromb.2006.01.023

Chae HJ, Kim EY, In MJ (2000) Improved immobilization yields by addition
of protecting agents in glutaraldehyde-induced immobilization of
protease. J Biosci Bioeng 89:377-379. https://doi.org/10.1016/51389-
1723(00)88962-8

Corrigan JJ, Jeter M, Ferlan | (1983) In vitro effect of Crotalus molossus
molossus (blacktail rattlesnake) venom on human platelets, fibrinolysis
and fibrinogen. Comparison with C. atrox and C. adamanteus. Toxicon
21:77-80. https://doi.org/10.1016/0041-0101(83)90159-9

D’auria S, Nucci R, Rossi M) et al (1999) Beta-Glycosidase from the Hyper-
thermophilic Archaeon Sulfolobus solfataricus: structure and activity in
the presence of alcohols. J Biochem 126:545-552. https://doi.org/10.
1093/oxfordjournals.,jbchem.a022484

Da Silva RMM, Coimbra JSDR, Da Silva CA et al (2015) Green extraction by
aqueous two-phase systems of porcine pancreatic and snake venom
phospholipase A2. Sep Purif Technol 141:25-30. https://doi.org/10.
1016/j.seppur.2014.11.029

Das D, Urs N, Hiremath V et al (2013) Biochemical and biological characteri-
zation of Naja kaouthia venom from North-East India and its neutraliza-
tion by polyvalent antivenom. J Venom Res 4:31-38

De Marco AF, de Castro Pimenta AM, Oliveira MC, De Lima ME (2015) Ven-
oms, toxins and derivatives from the Brazilian fauna: valuable sources
for drug discovery. Sheng Li Xue Bao 67:261-270

Duque Jaramillo PM, Rocha Gomes HA, De Siqueira FG et al (2013) Liquid-
liquid extraction of pectinase produced by Aspergillus oryzae using
aqueous two-phase micellar system. Sep Purif Technol 120:452-457.
https://doi.org/10.1016/j.seppur.2013.09.020

Dyballa N, Metzger S (2009) Fast and sensitive colloidal Coomassie G-250
staining for proteins in polyacrylamide gels. J vis Exp 30:1431. https://
doi.org/10.3791/1431

Farruggia B, Rigatuso R, Capezio L et al (2004) Influence of high concentra-
tion monovalent cations on the protein partitioning in polyethylene-
glycol 1500-phosphate aqueous two-phase systems. J Chromatogr B
809:301-306. https://doi.org/10.1016/j.jchromb.2004.06.040

Ferreira BA, Deconte SR, de Moura FBR et al (2018) Inflammation, angiogen-
esis and fibrogenesis are differentially modulated by distinct domains
of the snake venom metalloproteinase jararhagin. Int J Biol Macromol
119:1179-1187. https://doi.org/10.1016/j.ijbiomac.2018.08.051

Georgieva D, Ohler M, Seifert J et al (2010) Snake venomic of crotalus duris-
sus terrificus-correlation with pharmacological activities. J Proteome
Res 9:2302-2316. https://doi.org/10.1021/pr901042p

Giribaldi J, Kazandjian T, Amorim FG et al (2020) Venomics of the asp viper
Vipera aspis aspis from France. J Proteomics 218:103707. https://doi.
0rg/10.1016/}.jprot.2020.103707


https://doi.org/10.1016/j.jchromb.2006.03.016
https://doi.org/10.1016/j.jchromb.2006.03.016
https://doi.org/10.1016/j.foodchem.2011.11.125
https://doi.org/10.1002/bit.20495
https://doi.org/10.1002/bit.20495
https://doi.org/10.1016/j.chroma.2011.06.051
https://doi.org/10.1016/j.chroma.2011.06.051
https://doi.org/10.1016/j.cep.2007.08.006
https://doi.org/10.1186/1476-511X-10-32
https://doi.org/10.1186/1476-511X-10-32
https://doi.org/10.1016/j.jchromb.2004.01.028
https://doi.org/10.1016/j.jchromb.2004.01.028
https://doi.org/10.3390/toxins10110452
https://doi.org/10.3390/toxins10120501
https://doi.org/10.1016/0003-2697(76)90527-3
https://doi.org/10.1016/0003-2697(76)90527-3
https://doi.org/10.1021/pr900249q
https://doi.org/10.1002/1521-3773(20000703)39:13%3c2226::aid-anie2226%3e3.0.co;2-l
https://doi.org/10.1002/1521-3773(20000703)39:13%3c2226::aid-anie2226%3e3.0.co;2-l
https://doi.org/10.1002/1521-3773(20000703)39:13%3c2226::aid-anie2226%3e3.0.co;2-l
https://doi.org/10.1016/j.jchromb.2006.01.023
https://doi.org/10.1016/j.jchromb.2006.01.023
https://doi.org/10.1016/S1389-1723(00)88962-8
https://doi.org/10.1016/S1389-1723(00)88962-8
https://doi.org/10.1016/0041-0101(83)90159-9
https://doi.org/10.1093/oxfordjournals.jbchem.a022484
https://doi.org/10.1093/oxfordjournals.jbchem.a022484
https://doi.org/10.1016/j.seppur.2014.11.029
https://doi.org/10.1016/j.seppur.2014.11.029
https://doi.org/10.1016/j.seppur.2013.09.020
https://doi.org/10.3791/1431
https://doi.org/10.3791/1431
https://doi.org/10.1016/j.jchromb.2004.06.040
https://doi.org/10.1016/j.ijbiomac.2018.08.051
https://doi.org/10.1021/pr901042p
https://doi.org/10.1016/j.jprot.2020.103707
https://doi.org/10.1016/j.jprot.2020.103707

Enriquez-Ochoa et al. Bioresources and Bioprocessing (2021) 8:136

Glyk A, Solle D, Scheper T, Beutel S (2016) Evaluation of driving forces for
protein partition in peg-salt aqueous two- phase systems and optimi-
zation by design of experiments. J Chromatogr Sep Tech. https://doi.
org/10.4172/2157-7064.1000389

Gomez GN, Nerli BB, Acosta OC et al (2012) An alternative method to isolate
protease and phospholipase A2 toxins from snake venoms based on
partitioning of aqueous two-phase systems. J Venom Anim Toxins Trop
Dis 18:306-316. https://doi.org/10.1590/51678-91992012000300008

Gomez G, Leiva L, Nerli BB (2016) Aqueous two-phase systems: a simple
methodology to obtain mixtures enriched in main toxins of Bothrops
alternatus venom. Protein Expr Purif 124:68-74. https://doi.org/10.
1016/j.pep.2015.09.012

Gomez-Loredo A, Benavides J, Rito-Palomares M (2014) Partition behavior
of fucoxanthin in ethanol-potassium phosphate two-phase systems. J
Chem Technol Biotechnol 89:1637-1645. https://doi.org/10.1002/jctb.
4514

Gutiérrez JM, Calvete JJ, Habib AG et al (2017) Snakebite envenoming. Nat
Rev Dis Primers. https://doi.org/10.1038/nrdp.2017.63

Jiang B, Wang M, Wang X et al (2021) Effective separation of prolyl endo-
peptidase from Aspergillus niger by aqueous two phase system and
its characterization and application. Int J Biol Macromol 169:384-395.
https://doi.org/10.1016/j.ijbiomac.2020.12.120

Karkas T, Onal S (2012) Characteristics of invertase partitioned in
poly(ethylene glycol)/magnesium sulfate agueous two-phase system.
Biochem Eng J 60:142-150. https://doi.org/10.1016/j.bej.2011.11.005

Ketnawa S, Benjakul S, Ling TC et al (2013) Enhanced recovery of alkaline
protease from fish viscera by phase partitioning and its application.
Chem Cent J 7:1-9. https://doi.org/10.1186/1752-153X-7-79

Laustsen AH (2018) Guiding recombinant antivenom development by
omics technologies. New Biotechnol 45:19-27. https://doi.org/10.
1016/j.nbt.2017.05.005

Leonardi A, Sajevic T, Pungercar J, Krizaj | (2019) Comprehensive study of
the proteome and transcriptome of the venom of the most venom-
ous european viper: discovery of a new subclass of ancestral snake
venom metalloproteinase precursor-derived proteins. J Proteome Res
18:2287-2309. https://doi.org/10.1021/acs.jproteome.9b00120

Lo SC, Ramanan RN, Tey BT et al (2018) Purification of the recombinant
enhanced green fluorescent protein from Escherichia coli using alco-
hol + salt aqueous two-phase systems. Sep Purif Technol 192:130-139.
https://doi.org/10.1016/j.seppur.2017.09.072

Ma FY, Gu CB, Li CY et al (2013) Microwave-assisted aqueous two-phase
extraction of isoflavonoids from Dalbergia odorifera T. Chen Leav Separ
Purif Technol 115:136-144. https://doi.org/10.1016/j.seppur.2013.05.
003

Macias-Rodriguez EF, Martinez-Martinez A, Gatica-Colima A et al (2014)
Andlisis comparativo de la actividad hemolitica entre las subespecies
Crotalus molossus y Crotalus molossus nigrescens. Revista Bio Ciencias
2:302-312. https://doi.org/10.15741/revbio.02.04.08

Mackessy SP (2009) The Field of Reptile Toxinology: Snakes, Lizards, and
Their Venoms. In: Mackessy SP (ed) Handbook of Venoms and Toxins of
Reptiles, st edn. CRC Press, New York

Markland FS, Swenson S (2013) Snake venom metalloproteinases. Toxicon
62:3-18. https://doi.org/10.1016/j.toxicon.2012.09.004

Mayerhoff ZDVL, Roberto IC, Franco TT (2004) Purification of xylose reduc-
tase from Candida mogii in aqueous two-phase systems. Biochem Eng
J18:217-223. https://doi.org/10.1016/j.0ej.2003.09.003

Mayolo-Deloisa K, Trejo-Hernandez MR, Rito-Palomares M (2009) Recovery
of laccase from the residual compost of Agaricus bisporus in aqueous
two-phase systems. Process Biochem 44:435-439. https://doi.org/10.
1016/j.procbio.2008.12.010

Mehrnoush A, Mustafa S, Sarker MZI, Yazid AMM (2012) Optimization of ser-
ine protease purification from mango (Mangifera indica cv. chokanan)
peel in polyethylene glycol/dextran aqueous two phase system. Int J
Mol Sci 13:3636-3649. https://doi.org/10.3390/ijms 13033636

Meléndez-Martinez D, Macias-Rodriguez E, Vargas-Caraveo A et al (2014) Capil-
lary damage in the area postrema by venom of the northern black-tailed
rattlesnake (Crotalus molossus molossus). J Venom Res 5:1-5

Nascimento TP, Sales AE, Porto CS et al (2016) Purification of a fibrinolytic pro-
tease from Mucor subtilissimus UCP 1262 by aqueous two-phase systems
(PEG/sulfate). J Chromatogr B Anal Technol Biomed Life Sci 1025:16-24.
https://doi.org/10.1016/j.jchromb.2016.04.046

Page 14 of 15

Oliveira Filho MA, Caldas MCB, de Vasconcelos LTC, P, et al (2020) Partitioning
and recovery of an elongation factor (1-y) of Leishmania infantum cha-
gasi expressed in E. coli M15 with simultaneous endotoxin removal using
aqueous two-phase system. Separ Sci Technol 55:1156-1166. https://doi.
0rg/10.1080/01496395.2019.1586727

Ooi CW, Tey BT, Hii SL et al (2009) Purification of lipase derived from Burkholde-
ria pseudomallei with alcohol/salt-based aqueous two-phase systems.
Process Biochem 44:1083-1087. https://doi.org/10.1016/j.procbio.2009.
05.008

Pancera SM, Da Silva LHM, Loh W et al (2002) The effect of poly(ethylene
glycol) on the activity and structure of glucose-6-phosphate dehydro-
genase in solution. Colloids Surf, B 26:291-300. https://doi.org/10.1016/
S0927-7765(02)00011-5

Pereira JFB, Freire MG, Coutinho JAP (2020) Aqueous two-phase systems:
towards novel and more disruptive applications. Fluid Phase Equilib.
https://doi.org/10.1016/j.fluid.2019.112341

Platis D, Labrou NE (2009) Application of a PEG/salt aqueous two-phase parti-
tion system for the recovery of monoclonal antibodies from unclarified
transgenic tobacco extract. Biotechnol J 4:1320-1327. https://doi.org/10.
1002/biot.200800359

Porto TS, Medeiros e Silva GM, Porto CS, et al (2008) Liquid-liquid extraction
of proteases from fermented broth by PEG/citrate aqueous two-phase
system. Chem Eng Process 47:716-721. https://doi.org/10.1016/j.cep.
2006.12.004

Ramirez GA, Fletcher PL, Possani LD (1990) Characterization of the venom
from Crotalus molossus nigrescens Gloyd (black tail rattlesnake): isolation
of two proteases. Toxicon 28:285-297. https://doi.org/10.1016/0041-
0101(90)90064-E

Reh G, Spelzini D, Tubio G et al (2007) Partition features and renaturation
enhancement of chymosin in aqueous two-phase systems. J Chromatogr
B Anal Technol Biomed Life Sci 860:98-105. https://doi.org/10.1016/j.
jchromb.2007.10.012

Rito-Palomares M, Benavides J (2017) Aqueous two-phase systems for
bioprocess development for the recovery of biological products, 1st edn.
Springer International Publishing, Cham, Switzerland

Roldén-Padron O, Castro-Guillén JL, Garcia-Arredondo JA et al (2019) Snake
venom hemotoxic enzymes: Biochemical comparison between Crotalus
species from central Mexico. Molecules 24:1489. https://doi.org/10.3390/
molecules24081489

Rosa PAJ, Azevedo AM, Aires-Barros MR (2007) Application of central com-
posite design to the optimisation of aqueous two-phase extraction of
human antibodies. J Chromatogr A 1141:50-60. https://doi.org/10.1016/j.
chroma.2006.11.075

Sambrook JF, Russell D (2001) Molecular Cloning: A Laboratory Manual. Cold
Spring Harbour Laboratory Press, Cold Spring Harbour

Segura A, Herrera M, Reta Mares F et al (2017) Proteomic, toxicological and
immunogenic characterization of Mexican west-coast rattlesnake (Crota-
lus basiliscus) venom and its immunological relatedness with the venom
of Central American rattlesnake (Crotalus simus). J Proteomics 158:62-72.
https://doi.org/10.1016/j.jprot.2017.02.015

Serino-Silva C, Morais-Zani K, Toyama MH et al (2018) Purification and char-
acterization of the first y-phospholipase inhibitor (yPLI) from Bothrops
jararaca snake serum. PLoS ONE. https://doi.org/10.1371/journal.pone.
0193105

Simental-Martinez J, Rito-Palomares M, Benavides J (2014) Potential applica-
tion of aqueous two-phase systems and three-phase partitioning for
the recovery of superoxide dismutase from a clarified homogenate of
Kluyveromyces marxianus. Biotechnol Prog 30:1326-1334. https://doi.org/
10.1002/btpr.1979

Simoes-Silva R, Alfonso JJ, Gomez AF et al (2021) Synergism of in vitro plas-
modicidal activity of phospholipase A2 isoforms isolated from Panama-
nian Bothrops asper venom. Chem Biol Interact. https://doi.org/10.1016/j.
cbi.2021.109581

Starcher B (2001) A ninhydrin-based assay to quantitate the total protein
content of tissue samples. Analyt Biochem 292:125-129. https://doi.org/
10.1006/abio.2001.5050

Tasoulis T, Isbister GK (2017) A review and database of snake venom pro-
teomes. Toxins 9:290. https://doi.org/10.3390/toxins9090290

Tonello F, Rigoni M (2017) Cellular Mechanisms of Action of Snake Phospholi-
pase A2 Toxins. In: Gopalakrishnakone P, Inagaki H, Vogel C-W, et al. (eds)
Snake Venoms. Toxinology. Springer Netherlands, Dordrecht, pp 49-65


https://doi.org/10.4172/2157-7064.1000389
https://doi.org/10.4172/2157-7064.1000389
https://doi.org/10.1590/S1678-91992012000300008
https://doi.org/10.1016/j.pep.2015.09.012
https://doi.org/10.1016/j.pep.2015.09.012
https://doi.org/10.1002/jctb.4514
https://doi.org/10.1002/jctb.4514
https://doi.org/10.1038/nrdp.2017.63
https://doi.org/10.1016/j.ijbiomac.2020.12.120
https://doi.org/10.1016/j.bej.2011.11.005
https://doi.org/10.1186/1752-153X-7-79
https://doi.org/10.1016/j.nbt.2017.05.005
https://doi.org/10.1016/j.nbt.2017.05.005
https://doi.org/10.1021/acs.jproteome.9b00120
https://doi.org/10.1016/j.seppur.2017.09.072
https://doi.org/10.1016/j.seppur.2013.05.003
https://doi.org/10.1016/j.seppur.2013.05.003
https://doi.org/10.15741/revbio.02.04.08
https://doi.org/10.1016/j.toxicon.2012.09.004
https://doi.org/10.1016/j.bej.2003.09.003
https://doi.org/10.1016/j.procbio.2008.12.010
https://doi.org/10.1016/j.procbio.2008.12.010
https://doi.org/10.3390/ijms13033636
https://doi.org/10.1016/j.jchromb.2016.04.046
https://doi.org/10.1080/01496395.2019.1586727
https://doi.org/10.1080/01496395.2019.1586727
https://doi.org/10.1016/j.procbio.2009.05.008
https://doi.org/10.1016/j.procbio.2009.05.008
https://doi.org/10.1016/S0927-7765(02)00011-5
https://doi.org/10.1016/S0927-7765(02)00011-5
https://doi.org/10.1016/j.fluid.2019.112341
https://doi.org/10.1002/biot.200800359
https://doi.org/10.1002/biot.200800359
https://doi.org/10.1016/j.cep.2006.12.004
https://doi.org/10.1016/j.cep.2006.12.004
https://doi.org/10.1016/0041-0101(90)90064-E
https://doi.org/10.1016/0041-0101(90)90064-E
https://doi.org/10.1016/j.jchromb.2007.10.012
https://doi.org/10.1016/j.jchromb.2007.10.012
https://doi.org/10.3390/molecules24081489
https://doi.org/10.3390/molecules24081489
https://doi.org/10.1016/j.chroma.2006.11.075
https://doi.org/10.1016/j.chroma.2006.11.075
https://doi.org/10.1016/j.jprot.2017.02.015
https://doi.org/10.1371/journal.pone.0193105
https://doi.org/10.1371/journal.pone.0193105
https://doi.org/10.1002/btpr.1979
https://doi.org/10.1002/btpr.1979
https://doi.org/10.1016/j.cbi.2021.109581
https://doi.org/10.1016/j.cbi.2021.109581
https://doi.org/10.1006/abio.2001.5050
https://doi.org/10.1006/abio.2001.5050
https://doi.org/10.3390/toxins9090290

Enriquez-Ochoa et al. Bioresources and Bioprocessing (2021) 8:136

Varadavenkatesan T, Pai S, Vinayagam R et al (2021) Recovery of value-added

products from wastewater using Aqueous Two-Phase Systems—a review.

Sci Total Environ 778:1

Vazquez-Villegas P, Espitia-Saloma E, Torres-Acosta MA et al (2018) Factorial
and economic evaluation of an aqueous two-phase partitioning pilot
plant for invertase recovery from spent brewery yeast. Front Chem 6:1-9.
https://doi.org/10.3389/fchem.2018.00454

Xiong S, Huang C (2018) Synergistic strategies of predominant toxins in snake
venoms. Toxicol Lett 287:142-154. https://doi.org/10.1016/j.toxlet.2018.
02.004

Yang L, Dordick JS, Garde S (2004) Hydration of enzyme in nonaqueous
media is consistent with solvent dependence of its activity. Biophys J
87:812-821. https://doi.org/10.1529/biophysj.104.041269

Yavari M, Pazuki GR, Vossoughi M et al (2013) Partitioning of alkaline protease
from Bacillus licheniformis (ATCC 21424) using PEG-K2HPO4 aqueous
two-phase system. Fluid Phase Equilib 337:1-5. https://doi.org/10.1016/j.
fluid.2012.09.012

Zaslavsky BY (1995) Aqueous two-phase partitioning: physical chemistry and
bioanalytical applications. Mercel Dekker Inc, New York

Zhang DY, Zu YG, Fu YJ et al (2013) Aqueous two-phase extraction and enrich-
ment of two main flavonoids from pigeon pea roots and the antioxidant
activity. Sep Purif Technol 102:26-33. https://doi.org/10.1016/j.seppur.
2012.09.019

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 15 of 15

Submit your manuscript to a SpringerOpen®
journal and benefit from:

» Convenient online submission

» Rigorous peer review

» Open access: articles freely available online
» High visibility within the field

» Retaining the copyright to your article

Submit your next manuscript at » springeropen.com



https://doi.org/10.3389/fchem.2018.00454
https://doi.org/10.1016/j.toxlet.2018.02.004
https://doi.org/10.1016/j.toxlet.2018.02.004
https://doi.org/10.1529/biophysj.104.041269
https://doi.org/10.1016/j.fluid.2012.09.012
https://doi.org/10.1016/j.fluid.2012.09.012
https://doi.org/10.1016/j.seppur.2012.09.019
https://doi.org/10.1016/j.seppur.2012.09.019

	Development of aqueous two-phase systems-based approaches for the selective recovery of metalloproteases and phospholipases A2 toxins from Crotalus molossus nigrescens venom
	Abstract 
	Introduction
	Materials and methods
	Snake venom

	Partitioning by aqueous two-phase systems
	Total protein quantification
	Caseinolytic activity determination
	PLA2 activity determination
	Effect of pH on enzymatic activity
	SDS-PAGE analysis
	Data analysis

	Results and discussion
	Recovery of MPs and PLA2 in PEG–salt systems
	Effect of PEG molecular weight, VR and TLL on the recovery of PLA2 and MPs in PEG–potassium phosphate systems
	Effect of NaCl addition to PEG–potassium phosphate systems on the recovery of MPs and PLA2

	Effect of pH on the recovery of MPs and PLA2
	Recovery of MPs and PLA2 in ethanol–potassium phosphate systems

	Conclusions
	Acknowledgements
	References




