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This study presents the potential role of natural deep eutectic solvents (NADESs) in

a lipase-catalyzed hydrolysis reaction as both a co-solvent in an aqueous solution and as
a main solvent. Ammonium salts such as choline chloride (ChCl) were paired with dif-
ferent hydrogen bond donors such as glycerol and malonic acid and sugars (glucose,
fructose and sucrose). The hydrolysis of p-nitrophenyl palmitate by six different lipases:
lipase from porcine pancreas (PR), lipase from Candida rugosa (CR), Amano lipase PS,
from Burkholderia cepacia (AM), lipase from Rhizopus niveus (RN), lipase acrylic resin
from Candida antartica (ARC), lipase B Candida antartica immobilized on Immobead
150, recombinant from Aspergillus oryzae (CALB), were tested in five NADESs. The
results showed that NADES3 prepared from ChCl/sucrose was the most promising sol-
vent as it enhanced the activities of both CALB and lipase from porcine pancreas to 355 %
and 345 %. The kinetics investigation confirmed the higher catalytic efficiency (k_/K )
of lipases in the 40 % of (NADES3) and compared with the aqueous form. The trend
achieved by NADES may be a promising approach for applications and further perspec-

tives as genuinely green industrial solvents.
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Introduction

Over the last few years, the use of deep eutectic
solvents (DESs) as a green alternative to conven-
tional solvents has been dramatically expanded'.
Recently, Dai and collaborators have introduced
various stable natural deep eutectic solvents (NA-
DESs) based on natural compounds®’. NADESs
present a new generation of liquid salts, and they
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are generally based on mixtures of relatively cheap
and readily available components, such as non-toxic
quaternary ammonium salts (e.g., choline chloride)
with naturally derived uncharged hydrogen-bond
donors such as vitamins, amines, sugars, alcohols,
and carboxylic acids. The composition of NADESs
results in low production cost and high safety due to
the low volatility and absence of toxicity for both
workers and end users’. NADESs have unique
physicochemical properties, with the possibility for
their design for particular purposes, and thus, along
with other environmental benefits of using NA-
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DESs as solvents, such as their low vapor pressures
and non-flammability, NADESs represent excellent
candidates for green extractions®. NADESs are
more biodegradable, biocompatible, and safe com-
pared with normal DESs. Those features render
them suitable as solvents for biocatalytic reactions,
practically in the pharmaceutical, nutraceutical, and
cosmetic industries where product biocompatibility
is a major issue’.

Since their emergence, NADESs have attracted
attention as potential solvents in various industrial
fields, including the extraction of biologically ac-
tive compounds from plant materials®, solubiliza-
tion of cellulose, gluten, starch and DNAS, organic
reaction media, and in electrochemical applications
due to their conductivity’.

NADESs based on glycerol may be practical
substitutes for biodiesel production in the biocata-
lytic system. For that purpose, lipases are widely
applied in the enzymatic process. Choline chlo-
ride-based DES was used by Zhao et al® In this
study, they demonstrated that CALB could maintain
high activity and could be introduced in the enzy-
matic transesterification of triglycerides with etha-
nol, to obtain high yields.

Indeed, several reports have demonstrated that
hydrolases or proteases preserved high activity in
choline or ethyl ammonium chloride-based DESs
that are paired with hydrogen-bond donors such as
alcohols, acids or amides’. DESs have also been
used efficiently in lipase-catalyzed processes, re-
sulting in high enzyme stability. ChCl/glycerol (1:2)
and ChOAc/glycerol (1:1.5) were biocompatible
with immobilized Candida antartica lipase B
(CALB)*!"°. Furthermore, choline chloride/glycerol
(1:2 molar ratio) was evaluated as a co-solvent in
Novozym 435-catalyzed transesterification of soy-
bean oil with methanol to achieve up to 88 % tri-
glyceride conversions in 24 h®. Taken together, the
biocompatibility as well as the sustainability of NA-
DESs, render them as an excellent substitute for the
aqueous media for biomolecules’.

In this context, it seems very promising to de-
velop a lipase-compatible NADES from inexpen-
sive and biodegradable salts. In one of the previous
studies, lipase B of Candida antarctica (CALB)
proved to be the best option to carry out biocataly-
sis reaction in DESs''. However, due to insufficient
reports with other lipases, it is interesting to investi-
gate the potential of NADESs as media for bio-
transformation using various lipases. We investigat-
ed the activity and stability of six lipases; lipase
from porcine pancreas (PR), lipase from Candida
rugosa (CR), Amano lipase (AM), lipase from Rhi-
zopus niveus (RN), lipase acrylic resin from Candi-
da antartica (ARC), Lipase B Candida antartica
immobilized on Immobead, recombinant from As-

pergillus oryzae (CALB), in five choline chlo-
ride-based NADESs paired with sugars, glycerol,
and malonic acid. This study focuses on the activa-
tion and stability after incubation of the selected li-
pases in NADESs.

Materials and methods

Biochemical materials

The primary substrate, p-nitrophenyl palmitate,
p-nitrophenol, isopropanol, sodium deoxycholate
(purity >97 %), choline chloride (purity > 98 %)),
was purchased from Sigma-Aldrich (US). Other
chemicals were purchased from MERCK (Germa-
ny) and HmbG Chemicals (Hamburg) and were of
analytical grade. Lipases; lipase from porcine pan-
creas (PR) (100-500 units/mg protein), lipase from
Candida rugosa (CR) (=700 unit mg' solid), Ama-
no lipase PS, from Burkholderia cepacia (AM)
(>30,000 U g™, lipase from Rhizopus niveus (RN)
(>1.5 U mg"), lipase acrylic resin from Candida
antartica (ARC) (>5,000 U g!, recombinant, ex-
pressed in Aspergillus niger), Lipase B Candida an-
tartica immobilized on Immobead 150, recombi-
nant from Aspergillus oryzae (CALB) (>1800 U g '),
were all obtained from Sigma-Aldrich.

Preparation of NADESs

Choline chloride (ChCl) and an HBD (struc-
tures are presented in Table 1), were mixed at a spe-
cific molar ratio, as indicated in Table 2, in auto-
claved, dry and dark flasks. ChCl was dried in a
vacuum dryer at 80 °C for six hours prior to use
because of its hygroscopic nature. The flasks were
then heated and stirred at the speed of 350 rpm and
temperature of 80 °C for two hours in an incubator
shaker until the NADESs became homogeneous
and stable with no visible precipitate. The water
content of all NADESs ranged from 0.43—1.23 % as
determined by Karl-Fischer titration. All the synthe-
sized NADESs were kept in controlled moisture en-
vironment for further use. Prior to use, the NADESs
were dried at 80 °C to remove any moisture inter-
ference. Addition of distilled water was included in
the synthesis of aqueous NADESs based on a molar
ratio with HBA or salt. The water was poured be-
fore mixing both the HBD and HBA'2.

Lipase activity assay

Lipase enzyme activity in aqueous solutions
was determined using calorimetric assay. Hydroly-
sis of pNPP to p-nitrophenol was selected as a stan-
dard reaction to determine lipase activity. The en-
zyme substrate was prepared accordingly (7 mg of
pNPP was dissolved in 4 mL of isopropanol) and
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Table 1 — Structures, names, and abbreviations of the indi-
vidual components of the tested NADESs

Ammonium Salt Name
e
/’/\'\/\OH ci Choline chloride
Hydrogen Bond donor | Name
OH O
OH
HO v Fructose
OH OH

Malonic acid

0o o
HO)I\/”\OH

CH,OH
o CHQ%H
OH HO Sucrose
OH 0 CH,0H
aH  oH
OH OH
HO ] ] H Glucose
OH OH O
OH
Glycerol

Table 2 — Compositions and molar ratios of the tested

NADESs
NADES " Molar
Type code DES composition ratio pH
NADESla  ChCl: fructose: water 5:2:5 1.96

NADES2a  ChCl: malonic acid 1:1 0.00

Ternary NADES3a  ChCl: sucrose: water 4:1:4 4.03
(Aqueous)
NADES4a  ChCl: glycerol: water 1:2:1 1.98
NADESS5a  ChCl: glucose: water 5:2:5 2.32
NADESI1 ChClI: fructose 5:2 2.08
NADES2 ChCl: malonic acid 1:1  0.00
Binary
(Non- NADES3 ChCl: sucrose 4:1 340
aqueous)
NADES4 ChClI: glycerol 1:2 246
NADESS ChClI: glucose 5:2 218

mixed with 65 mL of the sodium phosphate buffer
(pH 8.0+0.2). To the buffer solution, 0.14 g of sodium
deoxycholate, 70 mg of Arabic gum, and 0.35 mL
of Triton X-100 (to remove turbidity) were added.
The final mixture was gently mixed and used fresh-
ly for every assay. The reaction was started by the
addition of 300 pL lipase or lipase/NADES mix-
ture, then, 700 puL of freshly prepared substrate
solution was added. The tubes were incubated in a
water bath and warmed at 40 °C for 15 min before
it was stopped by adding 300 pL of (1:1) ethanol/
acetone solution'. The absorbance of p-nitrophenol
(pNP) was monitored using a Multiskan™ GO mi-
croplate spectrophotometer at 410 nm. Each assay
was measured in triplicate for each DES, and the
results are presented as the mean of the obtained
data + standard deviation (SD). As the molar extinc-
tion coefficient can vary due to the presence of NA-
DES and different pH values, individual standard
curves were generated for each NADES/buffer
solution. The absorbance of pNP was measured at
410 nm, and then the molar extension coefficient
was calculated accordingly. Enzyme activity is ex-
pressed as unit mg!'. One unit was defined as the
amount of enzyme that liberated one mole of pNP
per minute. The absorbance of the NADES without
enzyme was subtracted for value correction.

Activity of lipases in NADESs

Lipases were suspended in a phosphate buffer
and various NADESs with fixed enzyme concentra-
tions [1 mg lipase/mL (solvent/buffer)] for an hour.
All the solutions were incubated at 40 °C, 300 rpm
in a thermomixer (Eppendorf Comfort). The lipase
assay was performed as explained previously.

Factors influencing lipase activity

The effects of pH, temperature, and water con-
tent were all investigated by incubating each lipase/
NADES mixture for an hour in varied conditions
(temperature, pH, water content) by taking the con-
trol reading when the enzyme was at optimum con-
ditions (optimum temperature, pH). Lipases investi-
gated in this study were reported to be at maximum
activity at pH 7.0-8.0 in general, as listed in the
product specification (Sigma Aldrich). The solution
after suspension was used for the assay and related
to the initial activity to calculate the relative activi-
ty. Buffers used in this study were citrate-phosphate
buffer (pH 5.0-6.0), sodium phosphate buffer (pH
7.0-8.0) and glycine-sodium hydroxide buffer (pH
9.0-10.0). NADES has low pH values, therefore,
the pH values of the reaction media were adjusted
using 1.0 M NaOH to achieve the required value.

Water content effect was compared for both
aqueous and non-aqueous NADESs in various con-
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centrations (% NADES/water). After incubation for
one hour, the lipase assay was performed as previ-
ously described.

For the thermal stability and pH stability, li-
pases that were pre-incubated at different tempera-
tures (in phosphate buffer and NADES) and several
pH values (5.0-10.0) for 12 hours were assessed by
determining the residual and relative activities. The
residual activity is defined as the percentage (%) of
lipase activity after incubation relative to the initial
activity of lipase without incubation, while relative
activity is the percentage (%) of lipase activity in
reference to the lipase incubated at the same condi-
tions in buffer solution'.

The stability during storage was assessed after
72 hours of pre-incubation at 4.0+2.0 °C. The li-
pases were suspended in phosphate buffer, NA-
DES3 and NADES3a, samples were subjected to
lipase assay after incubation and the results were
recorded as relative activity (%).

Kinetic parameters of lipases in NADESs

Kinetic parameters were calculated at substrate
concentrations ranging from 0.3 to 4.0 mM. Kinetic
parameter determination was performed at the opti-
mal temperature and pH for each lipase. The kinetic
curve was developed based on the experimentally
obtained data. Kinetic parameters, Michaelis-Ment-
en constant (K ), and maximum velocity (V,_ ),
were calculated by plotting the kinetic data accord-
ing to the Lineweaver-Burk methodology. As the
total amount of enzyme used is known, both the
turnover number (k) and the catalytic efficiency
(k. /K ) were determined.

Results

Screening of different NADESs for enzyme activity

Fig. 1 shows that the activity of lipases fluctu-
ates in the different types of NADESs. However, it
can be observed that sugar-based NADESs were
more stabilizing than other NADESs used in this
study. One-Way ANOVA Tukey’s test with a confi-
dence level of 96 % was performed to obtain the
possible grouping from these data. The analysis re-
vealed that all results were significantly different
from each other as they fall into different groups
(letters). The similarities were noticed in porcine
and amano lipase, as they both showed a stabilizing
effect closer to the buffer (100 %). However, lipases
showed a different attitude in NADES2a, NADES3,
and NADES5a. From Fig. 1 and the analysis of
data, generally, NADES2a showed inhibitory effect,
while it was observed that NADESla stabilized
most of the lipases. On the other hand, NADES3a

Relative activity/%
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Fig. 1 — Screening of different lipases with several NADESs.
Phosphate buffer (pH 7.0) was used as a reference for each li-
pase’s control as a comparison. Lipase from porcine pancreas
(PR), lipase from Candida rugosa (CR), Amano lipase PS, from
Burkholderia cepacia (AM), lipase from Rhizopus niveus (RN),
lipase acrylic resin from Candida antartica (ARC) (recombi-
nant, expressed in Aspergillus niger), Lipase B Candida antar-
tica immobilized on Immobead 150, recombinant from Asper-
gillus oryzae (CALB).

and NADESa5 activated most of the lipases. NA-
DES4a had an inhibitory effect on most of the li-
pases except for CALB and amano lipase (AM).
This could be attributed to water content, as shown
by Zhao et al.® that activity and selectivity of pro-
teases in glycerol-based DESs are dependent on the
water content, whereby a small amount of water of
about 5 % can increase the enzymatic activity.
CALB is less likely to be highly affected due to the
immobilization and AM lipase and showed high sta-
bility in most of the tested NADESs. The inhibitory
effect of NADES4a may be due to the change in
polarity associated with increasing the water con-
tent (>4 %) which may affect the selectivity of the
lipase towards the substrate, pNPP, in this case.

As the results in the first round were promis-
ing, the second round of screening was executed
because of the exciting trends observed with the
sugar-based NADESs. Overall, NADES1a signifi-
cantly enhanced the activities of porcine (PR), Rhi-
zopus (RN) and resin (ARC) lipases, but it showed
inhibitory effect on other lipases.

The NADES3a had a more enhancing effect
compared with NADESS5a although both had acti-
vated all lipases in the screening. However, from
the observed trend in Fig. 2, NADES3a is more ca-
pable of activation than NADES5a.
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Fig. 2 — Screening of different lipases with sugar-based NA-
DESs against buffer as a control reference. Lipase from porcine
pancreas (PR), lipase from Candida rugosa (CR), Amano li-
pase PS, from Burkholderia cepacia (AM), lipase from Rhizo-
pus niveus (RN), lipase acrylic resin from Candida antartica
(ARC) (recombinant, expressed in Aspergillus niger), Lipase B
Candida antartica immobilized on Immobead 150, recombinant
from Aspergillus oryzae (CALB).

Compared to untreated enzymes, lipases pre-
treated with NADES3a were activated; as observed
from Fig. 2, CALB, PR, ARC, and RN are enhanced
up to 355 %, 345 %, 297 %, and 142.5 %, respec-
tively. In DESS, a similar trend was observed with
lower activation effect as the highest was detected
with CALB and ARC, 350 % and 346 % respecti-
vely.

From Tukey’s test, it can also be concluded that
the stimulatory effect of both NADES3a and NA-
DESS5a can be categorized into one group since they
are close to each other (sharing the same letter).
However, since the highest activity was obtained
when those lipases were incubated with NADES3a,
and NADES1a showed some level of inhibition to-
wards CALB in contrast with others, NADES3a
was selected for further investigation. CALB has
been detailed in many studies because its protein
exhibited an excellent substrate specificity, and was
profoundly active towards an assortment of amides,
esters, and thiols. Due to the active site made up of
typical catalytic triad (Ser-Asp-His) near two flexi-
ble a-helixes, CALB houses many different sub-
strates'® and is well documented.

It was demonstrated that high activity of Can-
dida antarctica lipase A and B (CALA and CALB)
was detected in NADESs composed of choline
chloride or ethyl ammonium chloride paired with
H-bond donors such as acetamide, ethylene glycol,
glycerol, urea, and malonic acid"'. They observed
that CALB was 20-35-fold more stable in the DES
ChCl/U than in an aqueous solution of the DES

components which denatured or deactivate the en-
zyme. The strong hydrogen-bond network explains
this surprising stability within the DES, which low-
ers the diffusion of the constituents to the protein
core. The DES forms hydrogen bonds with the sur-
face residues of the enzyme, which, instead of de-
naturation, may stabilize the tertiary structure of the
enzyme'’.

In general, a wide range of variation in lipases
activity was observed with different NADESs used
for pretreatment (Fig. 1). A reduction in some li-
pases activity was observed in the case of NADE-
S2a and NADES4a containing malonic acid and
glycerol, which can be seen in Fig. 1. However,
NADES2a was the most inhibitory agent among all
DES:s tested.

Effect of pH

The optimum pH values in the presence of dif-
ferent types of NADESs as co-solvents in aqueous
solution was studied as illustrated in Fig. 3.

The current results in Fig. 3 agreed with the
reported data as lipases were active at around the
optimum values. However, the activity of lipases
slightly increased, and the enzyme performed better
at different pH value compared with that of buffer
solutions. For instance, ARC lipase was more active
at pH 7.0. However, its activity was stimulated at
both pH 7.0 and 8.0 after incubation with NADE-
S3a. PR lipase’s optimum pH did not change, but its
activity improved.

After adding NADES3a as a co-solvent to the
reaction mixture, a significant increment in enzyme
activity (2-3 fold) was observed in general. It was
also noticed that lipases/NADES3a were more sta-
ble at pH 9.0 in contrast with free lipases. More-
over, both CR and CALB exhibited a significant
improvement and a shift in pH values for their max-
imum activities. Nevertheless, pH 10.0 was not a
suitable medium for lipase activity neither in the
buffer solutions nor in the NADES3a. The stability
was further observed for 12 hours where lipases
were active in the pH range 6.0-8.0, with no loss of
activity at 7.0-8.0. CALB recorded high activity in
the range of 7.0-9.0. The activity and stability shift
could be attributed to the nature of NADES and the
strong polarity due to the multiple hydroxy groups'®
in the sugar-based NADES.

Effect of temperature

Further investigation was executed to study the
effect of reaction temperature on enzyme activity.
The results obtained showed a typical enzyme ac-
tivity trend with a variation of optimal reaction tem-
peratures for each lipase in the range of 30 to 80 °C
(as shown in Fig. 4a). When the reaction tempera-
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Fig. 3a — Activity of lipases at different pH values (incuba-
tion in buffer solution)
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Fig. 3b — Activity of lipases at different pH values in the
presence of NADES3

ture increased, enzyme activity gradually increased
up to certain levels (around 50 °C). However, the
reaction rate decreased clearly at elevated tempera-
tures due to denaturation of the protein. The same
pattern was also reported for Burkholderia cepacia
lipase (BCL) in ChCl: EG".

Comparison of the initial activity among the
tested temperatures for the six lipases revealed that
PR lipase achieved the maximum activity. Further-
more, all lipases possessed their optimal activities
at 40 °C, except for PR lipase, which was at 50 °C.
After the pretreatment in NADES3a for an hour, the
lipases showed a different trend (Fig. 4b) in contrast
with their control samples.

In NADES3a (aqueous media), lipases includ-
ing RN, AM, CR, and ARC, possessed a higher ac-
tivity than in the buffer solution at 50 °C. Both
CALB and PR lipases exhibited enhancement of
activity at 60 °C. Significant activation was achieved

Relative activity/%
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Fig. 3¢ — Stability of lipases at different pH values in the
presence of NADES3 after 12 hours. 40 °C. Lipase from por-
cine pancreas (PR), lipase from Candida rugosa (CR), Amano
lipase PS, from Burkholderia cepacia (AM), lipase from Rhizo-
pus niveus (RN), lipase acrylic resin from Candida antartica
(ARC) (recombinant, expressed in Aspergillus niger), Lipase B
Candida antartica immobilized on Immobead 150, recombinant
from Aspergillus oryzae (CALB).

by incubating CALB and RN in NADES3a as it in-
creased up to 243 % and 236 % at 60 °C and 50 °C,
respectively.

Thermal stability of lipases was further investi-
gated (Fig. 4c and 4d) for 12 hours in the range of
30-60 °C. While more than 50 % of the activity
was lost above 50 °C in buffer, lipases shifted the
optimal temperature at 50 °C and CALB was active
at 60 °C with no loss detected. Above 45 °C, the
residual activity of lipase in 10 % [Ch]Cl/glycerol
after 1 h of incubation was about 2-fold higher than
that of lipase (Candida rugosa) in buffer without
additive, as reported by Kim et al.'*

A conceivable explanation for the expanded
thermal stability of the enzyme in DES is that DESs
kept protein from irreversible aggregation at high
temperatures and thus increased the stability?’. The
hydrogen bonding in DESs helps to preserve the 3D
structure of the enzyme at high temperature. More-
over, it might also play an important role in main-
taining the integrity of the native conformation of
the enzyme and preventing the collapse of the en-
zyme framework at a higher temperature by absorb-
ing the heat from the reaction medium?'.

If the concept was applied, lipases inactivation
occurred at 70 °C, but with the addition of NADES3a
(sucrose-based), the activity in this study was re-
tained at a high temperature of 80 °C with almost
full recovery of activities of the six lipases used.
This can be explained by the fact that the elevated
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Fig. 4a — Activity of lipases at different temperatures (incu-
bation in buffer solution)
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Fig. 4b — Relative activity of lipases at different tempera-
tures in the presence of 40 % NADES3 compared to the initial
activity after incubation for one hour

temperatures caused the water evaporation from the
system with longer incubation time, thus resulting
in enzyme dehydration. Therefore, it might be con-
cluded that the presence of NADES (sugar-based) is
preventing the enzyme solution from rapid dehydra-
tion at elevated temperatures. Moreover, the sug-
ar-based NADES also creates a cohesive coating for
the protein molecules that maintain the heat associ-
ated with the rapidly hydrating sample. Possibly,
the addition of a polymeric coating to protein for-

Residual activity/%

Relative activity /%

1.2 T T 1
30 40 50 60
Temperature/°C
— — PR A— RN —»¢—CR
—0— AM —&— ARC X--- CALB

Fig. 4c — Stability of lipases at different temperatures in
phosphate buffer compared to the initial activity after incuba-
tion for 12 hours
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Fig. 4d — Stability of lipases at the optimal range of tem-
peratures in the presence of 40 % NADES3 compared to the
initial activity after incubation for 12 hours. Lipase from por-
cine pancreas (PR), lipase from Candida rugosa (CR), Amano
lipase PS, from Burkholderia cepacia (AM), lipase from Rhizo-
pus niveus (RN), lipase acrylic resin from Candida antartica
(ARC) (recombinant, expressed in Aspergillus niger), Lipase B
Candida antartica immobilized on Immobead 150, recombinant
from Aspergillus oryzae (CALB).

mulations can enhance protein stability by prevent-
ing/reducing protein-surface interactions. This has
been observed for protein formulations with the ad-
dition of low molecular weight surfactants, such as
polyoxyethylene sorbitan esters?.

Effect of water content

As previously mentioned (Results: screening of
different NADESs for enzyme activity), the role of
hydration water between the enzyme and the bulk
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Fig. 5b — Activity of lipases at different concentrations of
non-aqueous NADES3 (40 %). Lipase from porcine pancreas
(PR), lipase from Candida rugosa (CR), Amano lipase PS, from
Burkholderia cepacia (AM), lipase from Rhizopus niveus (RN),
lipase acrylic resin from Candida antartica (ARC) (recombi-
nant, expressed in Aspergillus niger), Lipase B Candida antar-
tica immobilized on Immobead 150, recombinant from Asper-
gillus oryzae (CALB).

solvent is the primary factor that differentiates mo-
lecular-level details in various media®. In the previ-
ous section, the reaction was conducted in the NA-
DES without varying the water content for aqueous
and NADES3a. Nevertheless, it was reported that
water plays a crucial role in the three-dimensional
organization of enzymes as well as maintaining the
stability of protein®*. Therefore, water was intro-
duced to the reaction medium in different concen-
trations and the activity was observed. Figs. 5a and
5b show the behavior of two different forms of NA-
DES3. After an hour of incubation, the trend of the
aqueous NADES3a can be seen from the activity
monitoring. All lipases exhibited the same trend, as
increasing the concentration of the NADES3a to

water content increased the activity significantly
until no water was added to the reaction media.
ARC possessed a different flow as its activity was
slightly reduced after increasing the concentration
above 80 %.

In general, the observation supported the fact
that a certain amount of water is required in the sys-
tem for the enzyme to be hydrated, active or stable
throughout the reaction time®. On the other hand,
the non-aqueous NADES3 showed unalike behavior
with lipases. All lipases used in this study displayed
some level of improvement by increasing the water
concentration in the media up to 60 % (v/v), except
for ARC lipase, which showed higher activity at 20 %
(v/v) water in the system. It was also noticed that
lipases started to show a slight reduction in their
activities compared to the ones obtained at low con-
centrations of the non-aqueous NADES3. However,
inhibition of the activities was not observed in any
tested concentrations if compared with the initial
activity (in buffered medium). ARC, though, was
the most active at less water content as its activity
reduced slightly at the least possible water content.

The results confirm that the hydrolytic activity
of the lipase enzyme in NADES is influenced by
the ratio of water in the solution. Regardless of the
different effects of each solvent on different en-
zymes, a similar relationship between the amount of
water added and the initial reaction rate was ob-
served. It was reported that enzymes require more
water in hydrophilic solvents than hydrophobic
ones to obtain high catalytic activity*. The results
of this study are, to some extent, consistent with
earlier reports as it was conveyed that lipase-cata-
lyzed reactions in DES are extremely difficult to
occur without the presence of water?’. Zhao et al.
have so far reported expanded studies on DESs.
They studied the selectivity of protease enzyme in
glycerol-based DESs as solvents and found that
both selectivity and activity of the enzyme is affect-
ed by water content!'.

Kinetic parameters of lipases in NADESs

In order to confirm the lipase activity in the se-
lected NADES, an additional investigation was con-
ducted to assess the effect of NADES3 and NADE-
S3a on the kinetic parameters compared with the
phosphate buffer medium. The results obtained are
presented in Table 3.

The Lineweaver—Burk plot for enzyme-cata-
lyzed reaction following Michaelis—Menten model
was used to evaluate the parameters from the exper-
imental results. The kinetic studies showed that
varying the media of the reaction directly influ-
enced the Michaelis-Menten constant (K ) and V.

max

values of the lipases involved in this study. The ac-
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Table 3 — Kinetic parameters of lipases in pNPP substrate solution using different reaction media

. . . K v k k /K
Lipase Reaction medium " max o e
(mM) (mM min™) min™! (min mM™)
Phosphate buffer 8.0+0.2 1.05+0.52 3.38+1.21 5.07+0.08 4.83£1.05
PR Pure NADES3a 0.78+0.09 10.52+2.3 15.75+1.02 20.19+3.21
40 % NADES3 0.53+0.08 13.35£3.5 20.03+2.54 37.79+4.22
Phosphate buffer 8.0+0.2 1.52+0.25 4.91£1.02 7.36£1.04 4.84+0.08
AM  Pure NADES3a 0.68+0.07 14.74+2.03 22.114+2.28 32.51+2.07
40 % NADES3 0.61£0.08 16.28+2.24 24.42+3.21 40.03+3.15
Phosphate buffer 8.0+0.2 1.38+0.92 3.37£1.32 5.06+0.09 3.67+0.09
RN Pure NADES3a 0.66+0.08 10.13+1.62 15.20+1.52 23.03+2.54
40 % NADES3 0.45+0.05 12.05+2.05 18.08+2.01 40.18+3.25
Phosphate buffer 8.0+0.2 1.25+0.25 3.18£1.02 4.77+1.23 3.82+0.06
ACR  Pure NADES3a 1.08+0.09 3.05+0.08 4.57+1.42 4.2340.05
40 % NADES3 0.49+0.05 9.52+1.54 13.88+1.67 28.33+1.27
Phosphate buffer 8.0+0.2 1.55+0.35 3.56+1.02 5.34+0.08 3.45+1.07
CR Pure NADES3a 0.57+0.06 10.69+2.24 16.04+1.45 28.144+2.07
40 % NADES3 0.45+0.07 12.55+1.67 18.83+2.07 41.84+4.11
Phosphate buffer 8.0+0.2 0.61£0.04 2.03£0.91 3.05+0.09 5.00+1.04
CALB  Pure NADES3a 0.52+0.03 6.92+1.33 10.38+2.05 19.96+1.47
40 % NADES3 0.42+0.08 15.52+1.85 23.2843.08 55.43+£3.26

tivation of the enzymatic activity could be clearly
observed with a reduction in Km value and an in-
crease in V_ . As can be seen in Table 3, upon us-
ing NADES3 and its aqueous form as co-solvent
(40 %), K _ slightly decreased in most cases with the
lowest value observed with CALB. In comparison,
when both NADES3a were used as the main sol-
vent, the K values were slightly higher, with the
highest obtained with ACR as it was observed to be
more active in non-aqueous form.

The kinetics also confirmed the effect of both
NADES3 and NADES3a on the velocity of all li-
pases used in the study. The largest V. values were
obtained in both AM and CALB with slight di-
fferences in the non-aqueous form as a co-solvent
(40 %). However, the minimum value was attained
in ACR in both aqueous and non-aqueous NADES.
The results obtained confirmed the reports by*® that
ChCl could enhance the enzymatic activity of yeast
alcohol dehydrogenase by significantly increasing
the affinity of the enzyme towards the substrate (re-
duces the value of K ). The highest turnover num-
ber k_ was obtained in 40 % of NADES3 with PR,
AM and CALB lipases. Furthermore, k_ /K denot-
ed the catalytic efficiency for the CALB in 40 % of
NADES3 at 55.43 + 3.26 min mM'. Although
CALB showed the highest catalytic efficiency,
similar values were obtained for other lipases
(~40 min mM™"), excluding ACR, which had the
lowest efficiency. Lindberg et al® reported that

turnover numbers were not affected by DESs as a
co-solvent, whereas K increased when the concen-
trations increased. However, the results cannot be
generalized to other enzymes or reactions as differ-
ent lipases exhibited different activities in the
NADESs used in the current study. Moreover, the
nature and the structure of NADESs may be provid-
ing the advantage of higher stability in contrast with
regular DESs.

Storage of lipases in NADESs

Fig. 6 shows the storage stability of lipase in
aqueous solutions of NADES3 and NADES3a mix-
tures. The residual activity of lipases ranged be-
tween 80-97 % of the initial activity after 72 hours
in phosphate buffer at 4.0 °C. Lipase stored in NA-
DES3 and NADES3a solutions showed higher rela-
tive activity than that stored in buffer, where it can
be observed that the presence of NADES preserved
the lipases for a long incubation period. Sugar-based
NADES could maintain the lipase activity as no ac-
tivity loss was detected after incubation.

Discussion

The trend of deactivation observed in this study
could be attributed to the destabilization of the en-
zyme-substrate or reaction intermediate complexes
at high concentrations of DESs, not due to protein



Relative activity/%

368

A. A. Elgharbawy et al., Shedding Light on Lipase Stability..., Chem. Biochem. Eng. Q., 32 (3) 359-370 (2018)

350

300

250

200

150

100

- H

L

50

FEAREANANIY

PR AM RN ARC CR CALB
Lipases
O Initial EINADES3a
= Phosphate Buffer M NADES3

Fig. 6 — Relative activity of lipases after storage in NADES3,
NADES3a and buffer compared to the initial activity for 72
hours at 4.0£2.0 °C. Lipase from porcine pancreas (PR), lipase
from Candida rugosa (CR), Amano lipase PS, from Burkholde-
ria cepacia (AM), lipase from Rhizopus niveus (RN), lipase
acrylic resin from Candida antartica (ARC) (recombinant, ex-
pressed in Aspergillus niger), Lipase B Candida antartica im-
mobilized on Immobead 150, recombinant from Aspergillus
oryzae (CALB).

denaturation®. Tt was also reported by Gorke et al."!
that 25 % increment for CALB was attained upon
the addition of 10 % (v/v) ChCl/glycerol. When the
conversion was 4.6 % in the buffer, it increased to
92 % in 25 % (v/v) ChCl/glycerol. The enhance-
ment of the enzyme activity and stability in the NA-
DESs can be explained by the presence of the hy-
drogen bonds between the salt and HBD, which
causes a significant modification in the chemical
nature of the resulting DES. This may have prompt-
ed expansion in hydrogen bond interactions, less-
ened the thermodynamic water activity in the reac-
tion media, and therefore enhanced the enzyme
activity's.

In this study, it was observed that the activity
changed with pH changes. Any adjustment in pH
can change the conditions of ionization of amino
acids in protein as it has the zwitterion property.
Thus, the charge properties of the substrate or state
of a protein will be influenced either by preventing
the substrate binding or inhibiting the catalysis®. It
ought to be specified here that enzyme activity and
the molar extinction coefficient of pNP relied upon
the pH as well as on the buffer utilized. It is well-ob-
served that lipases preferred phosphate buffer’!.
Moreover, the pH changes might also affect the
NADES hydrogen bonding capacity due to low or
high pH values that influence the presence of hy-
dronium and hydroxyl ions in the solution.

Further investigation was executed to study the
effect of reaction temperature on enzyme activity.
The results obtained showed a typical enzyme ac-
tivity trend with a variation in optimal reaction tem-

peratures for each lipase in the range of 30 to 80 °C.
Most of the lipases tested showed better stability at
higher temperatures than their optimum when incu-
bated with NADESs, which highlighted the role of
NADESs in stability of proteins. Some excipients
that preserve protein activity and maintain the sta-
bility are sugar-based. The NADESs used in this
study were sugar-based and thus expected to stabi-
lize the enzyme as a protein structure. Among a
few, lactose, dextrose, mannitol and sucrose have
been reported as binder agents, filler agents and mi-
croencapsulation agents for protecting bioactive
compounds or active pharmaceutical compounds in
many types of food and pharmaceutical products®.

The form of aqueous NADES3a contains water
as one of its components (ChCl/sucrose/water;
4:1:4). Therefore, the water content available in the
system might be sufficient, and only a low concen-
tration was required for the enzyme to maintain its
activity. On the other hand, non-aqueous NADES3
exhibited high viscosity, and thus was unable to dis-
solve the enzyme in the absence of water. However,
it was observed that excess water had not led to en-
zyme deactivation, and that might be attributed to
the nature of the DES used, which consisted of a
sugar component. Some ILs and DESs have been
stated to damage the water layer around the enzyme
surface, or prevent access to the active site, and ac-
cordingly, reduce the activity and stability of the
enzyme'.

The increment in activity of the lipases ob-
served in NADES3 with water addition could also
be attributed to the viscosity reduction as water can
decrease the viscosity and change the activity and
selectivity of the enzyme. On the other hand, water
is the simplest hydrogen-bond donor. Thus, its con-
tent should be as low as possible to avoid any pos-
sible change in the initial eutectic composition and
prevent competitive hydrolysis reaction’. The re-
sults obtained are in consistency with reports con-
veying that water addition to DESs strongly im-
proves both enzyme activity and reaction yield*. In
addition, studies have revealed that the shallow li-
pase activity/stability in the neat or weakly hydrated
DES for such complex experiments could be ex-
plained by both the strong association of the sub-
strate in the DES matrix and the shallow thermody-
namic water activity (¢ < 0.02). Indeed, significant
enhancement in initial lipase activity (67 times fast-
er in ChCl/U) was observed when a_ increased up
to 0.15. Also, water in DES significantly preserved
the enzyme catalytic activity over time**.

Conclusion

Among the NADESs tested in this study, NA-
DES prepared from ChCl and sucrose was selected
as the most promising solvent as it has proven to be
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effective in the activation of most of the lipases
used or stabilizes them compared to other NADESs
applied. The structure of NADES seems to have
protective properties rather than only enzyme acti-
vation. The notable improvement of the activity in
NADES may be attributed to the hydrogen bonding
ability between the salt and the HBD, which en-
hances the enzyme affinity. It may also be in rela-
tion to the non-toxic property of the NADES. Li-
pases mostly maintained the initial activity in
NADES even at 70 °C—-80 °C for a period of 1 h. In
contrast, the activity in phosphate buffer started to
drop at 60 °C. The comparison between aqueous
and non-aqueous NADES showed that lipases pre-
ferred the non-aqueous NADES with 40 % (v/v) of
NADES to water concentration. This may be asso-
ciated with the high viscosity of the non-aqueous
NADES and the low solubility of lipases in the ab-
sence of water. Remarkably, NADESs are gaining
attention in research due to their catalytic activity,
and also their sustainability and biodegradability.
This approach of using NADES as green solvents
might be a good choice for eco-friendly production
of biodiesel and the extraction of bioactive com-
pounds.
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