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Abstract: The effects of the reaction medium and substrate concentration were studied on the
selectivity of Novozym 435 using the asymmetric hydrolysis of dimethyl-3-phenylglutarate as a
model reaction. Results show that the use of choline chloride ChCl:urea/phosphate buffer 50% (v/v)
as a reaction medium increased the selectivity of Novozym 435 by 16% (e.e = 88%) with respect
to the one in 100% phosphate buffer (e.e = 76%). Best results were obtained when high substrate
concentrations (well above the solubility limit, 27-fold) and ChCl:urea/phosphate buffer 50% (v/v) as
reaction medium at pH 7 and 30 °C were used. Under such conditions, the R-monoester was produced
with an enantiomeric purity of 99%. Novozym 435 was more stable in ChCl:urea/phosphate buffer
50% (v/v) than in phosphate buffer, retaining a 50% of its initial activity after 27 h of incubation at
pH 7 and 40 °C. Results suggest that the use of deep eutectic solvents (ChCl:urea/phosphate buffer)
in an heterogeneous reaction system (high substrate concentration) is a viable and promising strategy
for the synthesis of chiral drugs from highly hydrophobic substrates.

Keywords: asymmetric synthesis; Novozym 435; deep eutectic solvents; dimethyl-3-phenylglutarate;
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1. Introduction

Currently, the enantiomeric purity of a chiral drug is an essential requirement for its
commercialization, because even though both optical isomers are chemically similar, the organism is
able to distinguish between both enantiomeric forms and recognize only one of them [1-3]. Thus, the
physiological responses in the organism will be quite different depending on the isomer consumed, and
in some cases, they could have opposite effects. In this context, the pharmaceutical industry urgently
requires the development of novel production strategies for the synthesis of pure enantiomers, taking
into consideration the viability of the process at the industrial level and its environmental benignity.

Among the available strategies, the asymmetric synthesis of prochiral compounds by enzyme
biocatalysis is very promising, by producing essentially pure enantiomers in a single reaction step [4,5].
However, the substrates generally used in this type of reaction are highly hydrophobic, which
considerably affects the productivity of the process due to the low substrate concentrations present
in the reaction medium, precluding its application at an industrial level. The use of organic solvents
allows increasing the solubility of hydrophobic substrates, but notoriously affects the stability of the
enzyme [6-8].

Within this scenario, it is of great interest to study new reaction medium and/or production
strategies that are gentle with the enzyme, allowing high activity and stability, while increasing the
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solubility of the substrate, with the consequent increase in productivity. In this context, Illanes et
al. [9] studied the effect of high concentrations of substrates on the synthesis of cephalexin with
immobilized penicillin acylase. Working in a heterogeneous system with partially-undissolved
substrates, a three-fold increase in the specific productivity of the process was obtained with respect to
a homogeneous system in which substrates were completely dissolved in the reaction medium. Along
with this, the stability of the biocatalyst was significantly improved, maintaining 87% of the initial
activity of the enzyme after ten consecutive production batches. In this context, Illanes et al. noted that
it is clear that, as a consequence of Michaelian kinetics, productivity should increase with increasing
substrate concentrations. The factor of the increase depends, however, on the specific catalyst format
used, for example under heterogeneous reaction conditions. Moreover, use of heterogeneous catalyst
format may affect other properties of the enzyme performance, as enantiomeric excess [9].

On the other hand, Jacobsen et al. evidenced that increasing substrate concentration may reduce
the selectivity of enzyme, as shown by a decrease of enantiomeric excess from 91% to 85% in the
hydrolysis of diethyl-3-hydroxyglutarate catalyzed by Novozym 435 [10]. This is one of the few reports
in which the effect of substrate concentration on the selectivity of an enzyme was evaluated. Therefore,
even though the use of high substrate concentrations in the asymmetric synthesis of chiral compounds
can improve clearly the productivity of the process, its effect on the selectivity of enzyme is a point
that has not yet been adequately explored.

In the line of improving the catalytic properties of enzymes, the use of neoteric solvents, such as
deep eutectic solvents (DESs), have unique characteristics that make them attractive as reaction
medium for catalytic processes. DESs, like ionic liquids, have almost zero volatility and high thermal
stability, but unlike them, DESs are biodegradable and can be synthesized at very low cost [11]. DESs
based on choline chloride (ChCl) with organic salt and glycerol, ethylene glycol or urea as the hydrogen
bridge donor, have been reported as having increased the activity, selectivity and stability of different
lipases [11-16]. This background information supports the use of DESs as an interesting reaction
medium for biocatalysis with highly hydrophobic substrates [16].

The substrate dimethyl-3-phenylgutarate (DMFG), used as a model for this study (Figure 1),
is highly hydrophobic, having low solubility in both aqueous medium and in organic solvents [17].
The synthesis of chiral derivatives from DMFG is of great interest for the pharmaceutical industry,
as both enantiomers are important intermediates in the synthesis of several drugs [18-20]. In this
reaction, neither the substrate (diester) nor the final product (diacid) are chiral compounds. However,
the monoester, an intermediate product, is chiral. If the reaction stops at the monoester and the
enantioselectivity value of the process is very high, 100% yield of an enantiomerically pure compound
will be produced [21].

Several authors have studied the synthesis of these chiral monoesters from different prochiral
substrates. In some cases, high specific productivities were obtained, but at the expense of
selectivity [10,22], while in other cases, high selectivity was obtained at the expense of specific
productivity [16,17,21,23,24].
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Figure 1. Asymmetric hydrolysis of dimethyl-3-phenylglutarate catalyzed by Novozym 435.

The objective of this work was to study the effects of the reaction medium (DESs) and substrate
concentration on the activity and selectivity of Novozym 435, with the aim of increasing the specific
productivity of reactions where hydrophobic substrates are used. The asymmetric hydrolysis of
dimethyl-3-phenylglutarate mediated by Novozym 435 was used as a study model. The proposed
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strategy can contribute to the development of more efficient and economical process for the synthesis
of chiral drugs.

2. Results and Discussion

ChCl:urea and ChCl:glycerol were previously selected to perform this investigation, because they
are within simples DES most utilized with CALB lipase (immobilized and soluble) [11,15]. However,
CHCl-glycerol was subsequently discarded because it showed low substrate solubility (0.87 mM of
DMEFG) in DES-buffer mixture compared with ChCl:urea (2.02 mM) (results not shown). ChCl:urea
has been described as more effective for lipase-catalyzed reaction [25].

2.1. Asymmetric Hydrolysis of DMFG Catalyzed by Novozym 435

Figure 2 shows the reaction courses of the asymmetric hydrolysis of DMFG catalyzed by
Novozym 435 in two reaction media: 25 mM sodium phosphate (onwards, phosphate buffer) at
pH 7 and ChCl:urea/phospate buffer 50% (v/v) (onwards, ChCl:urea 50% (v/v)) at pH 7. Figure 2a
corresponds to the homogenous reaction system (dissolved substrate), while Figure 2b corresponds to
the heterogeneous reaction system (partially undissolved substrate). In both cases (homogenous and
heterogeneous systems), initial specific reaction rate and conversion did not vary significantly from
one reaction medium to the other and conversions close to 100% were obtained. The same effect was
evidenced by Wu et al., where the enzyme remained the same as active as in the DES-free solution [26].
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Figure 2. Reaction course of the asymmetric hydrolysis of DMFG (dimethyl-3-phenylgutarate) for the
production of R-MFG (R-methyl-3-phenyl glutarate) catalyzed by Novozym 435. The reaction was
performed at 170 rpm, pH 7 and 30 °C. (A) phosphate buffer; (o) ChCl:urea 50% (v/v). (a) homogeneous
system (0.45 mM of DMFG); (b) heterogeneous system (18 mM of DMFG).

Table 1 summarizes the main results obtained in the asymmetric hydrolysis of DMFG in terms of
specific initial reaction rate, enantiomeric excess (e.e) and specific productivity in different systems
and reaction mediums. In both reaction mediums and according to Figure 2, there are no significant
differences in the specific initial reaction rate when the same concentration of DMFG was utilized.
In addition, in both reaction mediums the reaction rate increased by a factor of 3 when a heterogeneous
reaction system was used. The highest value of specific initial reaction rate (6.2 umol of product min !
g catalyst—!) was obtained in the medium ChCl:urea 50% (v/v) at 18 mM of DMFG at pH 7 and 30 °C.
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Table 1. Specific initial reaction rate, enantiomeric excess (e.e) and specific productivity of the
asymmetric hydrolysis of DMFG at pH 7 in different systems and reaction media.

oge age . o |
) ) DMEG Reaction Specific Initial Reaction X Specific Productivity
Reaction Medium (mM) System Rate (umol Product/g e.e’ (%) (g Product/g
Y Biocatalyst/min) Biocatalyst/d)
Phosphate Buffer 0.45 homogeneous 22403 76 0.15 £0.01
100% (v/v) 18 heterogeneous 6.0+ 0.3 88 0.39 + 0.02
. 5 0.45 homogeneous 21+0.1 87 0.1+0.01
ChCl:urea 50% (/o) 18 heterogeneous 62+03 94 048 4 0.01

1 Values were calculated at the maximum conversion.

The presence of 50% (v/v) of DES in the reaction medium, under both homogeneous and
heterogeneous systems, considerably improved the results of selectivity obtained with respect to
the medium without DES. Novozym 435 increased its selectivity by 16% obtaining R-MFG with an e.e
of 88% when going from a homogeneous (0.45 mM substrate concentration) to heterogeneous system
(18 mM substrate concentration) in a phosphate buffer medium. The selectivity value obtained in the
phosphate buffer (e.e = 76%) agrees with the results obtained previously by Cabrera et al. [27].

The same trend was evidenced in the reaction medium composed of ChCl:Urea 50% (v/v) at pH 7,
where the behavior of Novozym 435 was improved in the heterogeneous system (18 mM substrate
concentration), obtaining a close to 10% increase in e.e with respect to the homogeneous system
(0.45 mM substrate concentration), reaching a value of 94%.

Improvements in the selectivity of different enzymes and whole cells by the use of DESs as
medium of reaction have been reported [11]. In particular, Capriati et al. reported that baker’s
yeast exhibits an important change in the rate of reaction and enantioselectivity in the reduction of
arylpropanones when changing the solvent from pure water to DES-water mixtures [28]. On the
other hand, the effect of the substrate concentration on the selectivity of the enzymes and cells
has been scarcely reported in the literature. Jacobsen and collaborators showed that an increase of
the concentration decreases the selectivity of the enzyme in the asymmetric hydrolysis of diethyl
3-hydroxyglutarate. However, in the present work, an increase of substrate concentration exerts a
positive effect on the selectivity of Novozym 435. We believe that this may be related to the type
of molecule and its hydrophobicity. DMFG has a phenyl group that confers a highly hydrophobic
character to the molecule; therefore, its interaction with the active site of the enzyme can be very
different from that of diethyl 3-hydroxyglutarate. In this context, both the modification of the type of
substrate and that of the solvent in the reaction medium, have been simple methods to obtain changes
in the selectivity of an enzyme [29].

In terms of specific productivity, the best results were obtained for the heterogeneous system in
the ChCl:urea 50% (v/v) reaction medium, where the productivity was three times higher than that
obtained in the homogeneous system in phosphate buffer medium.

In all cases the R isomer of the monoester was obtained. This is characteristic for CALB lipase [27],
other enzymes such as BTL2 lipase or Lecitase Ultra phospholipase obtain as product the monoester
with S configuration (S-methyl-3-phenyl glutarate) [30,31].

In this work the presence of diacid was negligible (less than 2%). We believe that the
hydrophobicity of the biocatalyst (Novozym 435) facilitated the partition of the monoester outside the
active site of enzyme. This, based on the work of Fernandez-Lorente et al. where the hydrolysis of a
dicarboxylic diester promoted generation of a free carboxylic acid, which at pH 7 will have a negative
charge. This charged compound will be partitioned from the active site of an enzyme, if the latter
presents a highly hydrophobic environment. This appears to virtually stop the reaction at the level of
monoester [32].
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2.2. Effect of High Substrate Concentration on the Selectivity of Novozym 435

In order to improve the previous results further, the effect of substrate concentration was studied
at values higher than 18 mM. Table 2 shows that an increase in the substrate concentration in the
reaction medium generated a positive effect on the selectivity of Novozym 435, obtaining R-MFG with
a very high optical purity (e.e = 99%) at 54 mM of DMFG.

Table 2. Specific initial reaction rate, enantiomeric excess and specific productivity in the asymmetric
hydrolysis of DMFG in ChCl:urea 50% (v/v) at pH 7 and different substrate concentrations.

Specific Initial Reaction Rate 1 (o Specific Productivity !
DMFG (mM) (umoles Product/g Biocatalyst/min) ee (%) (g Product/g Biocatalyst/d)
18 62+0.3 94 0.48 +£0.01
36 56403 98 0.46 £ 0.03
54 65+0.3 99 0.68 = 0.03

1 Values were calculated at the maximum conversion.

Specific productivity was improved by 30% compared to the experience with 18 mM of substrate.
This moderate increase could be explained by the oversaturation zone in which the enzyme is found.
A value of 0.68 g of product/g biocatalyst/day at 54 mM of DMFG was the maximum specific
productivity reached, being five times higher than that obtained in the homogeneous system in
phosphate buffer medium.

Results show that e.e can be increased by increasing substrate concentration, which is an asset
that can still be properly exploited in asymmetric hydrolysis reactions.

2.3. Solubility of R-MFG in ChCl:Urea 50% (v/v)

In order to evaluate the recovery of the chiral product, the solubility of R-MFG in the ChCl:urea
50% (v/v) reaction medium was determined. Figure 3 shows the production kinetics of R,5-MFG
catalyzed by Novozym 435. When the reaction was carried out at a substrate concentration of 36 and
54 mM, the maximum concentration of R-MFG in the soluble phase was 36 and 37 mM respectively.
Such a concentration is quite high when compared to the maximum solubility of DMFG at the same
reaction conditions (2.02 mM). This effect may be related to the fact that the monoester has an acid
group that is ionized at pH 7. This favors its solubility, being 18.5 times higher than DMFG.
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Figure 3. Production of R-MFG catalyzed by Novozym 435 in ChCl:urea 50% (v/v) reaction medium.
The reaction was performed at 170 rpm, 30 °C and 36 mM (A) and 54 mM (e) of DMFG.

These results show that it is possible to design production strategies that maximize product
recovery, making the process more profitable.
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2.4. Stability of Novozym 435 in the Presence of Phosphate Buffer and ChCl:Urea 50% (v/v)

The stability of Novozym 435 in non-reactive conditions at 40 °C was evaluated. Figure 4 shows
the courses of the inactivation of Novozym 435 in two reaction media: phosphate buffer at pH 7 and
ChCl:urea 50% (v/v) at pH 7. The stability was performed at 40 °C to force the system and see the
stability relationship between buffer and DES-buffer. Figure 4 show that Novozym 435 was more stable
in ChCl:urea 50% (v/v) than in phosphate buffer, retaining a 50% of its activity at 27 h of incubation at
40 °C. These results agree with those obtained by Homman et al. where under the operating conditions
(phosphate buffer at pH 8 and 40 °C) immobilized CALB preparation (Chirazyme L-2) lost 30% of its
original activity within the first 18 h [14]. It is important to consider that these values turn out to be
much higher under reactive conditions, due to the effect of substrate protection.
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Figure 4. Courses of the inactivation of Novozym 435 at 170 rpm, pH 7 and 40 °C. (A) phosphate buffer
(®) ChCl:urea 50% (v/v).

3. Materials and Methods

3.1. General

Novozym 435 was kindly donated by Blumos S.A (Santiago, Chile). p-nitrophenyl butyrate
(PNPB) was obtained from Sigma-Aldrich (St. Louis, MO, USA). Dimethyl-3-phenylglutarate was
synthesized according to the protocol described by Cabrera et al. (2009) [23]. Choline chloride (ChCl),
combined with urea (U), ChCl:urea, 1:2 mol:mol, was kindly donated by professor Carlos Carlessi of
the School of Chemical Engineering, Pontificia Universidad Catolica de Valparaiso [16]. Other reagents
were of analytical or HPLC grade.

3.2. Lipase Activity Determination

Activity assay was performed by measuring the increase in absorbance at 348 nm produced by
the release of p-nitrophenol in the hydrolysis of 0.4 mM pNPB in 25 mM sodium phosphate buffer at
pH and 30 °C, using a thermostated spectrophotomer with magnetic stirring [23]. To start the reaction,
20 mg of immobilized enzyme were added to 60 mL of substrate solution. An international unit (IU) of
pNPB activity is defined as the amount of enzyme that hydrolyzes 1 umol of pNPB per minute at the
conditions described above.

3.3. Asymmetric Hydrolysis of DMFG Catalyzed by Novozym 435

The behavior of Novozym 435 in the hydrolysis of DMFG in two different reaction media: 25 mM
sodium phosphate (phosphate buffer) and ChCl:urea/phosphate buffer 50% (v/v) (ChCl:urea 50% (v/v)
and at different substrate concentrations was determined by adding 0.086 g of catalyst in 30 mL of
reaction medium at pH 7, 30 °C and 170 rpm.

Substrate concentrations used in the homogenous reaction system were 0.45 mM for sodium
phosphate buffer (maximum solubility of DMFG in the system) and 0.45 mM for ChCl:urea/phosphate
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buffer 50% (v/v), where 2.02 mM is the maximum solubility of DMFG in that system. For the reactions in
the heterogeneous system, the DMFG concentration used was 18 mM for sodium phosphate buffer and
18, 36 and 54 mM for ChCl:urea/phosphate buffer 50% (v/v). In all cases, triplicates of each assay were
done. In case of homogeneous system, the samples, taken at different time intervals, were centrifuged
at 4 °C and 10,000 rpm for 10 min (to remove the biocatalyst) and diluted appropriately to determine
their substrate concentration by HPLC. In the case of a heterogeneous system, the samples with solids
in suspension, also taken at different time intervals, were centrifuged at 4 °C and 10,000 rpm for
15 min. The precipitated (substrate more biocatalyst) was re-suspended in 100% acetonitrile and again
centrifuged to the same conditions to remove the biocatalyst. To determine the total concentration
of DMFG in the reaction medium, the liquid phase (supernatant) and the solid phase (resuspended
precipitate) were appropriately diluted and its substrate concentration by HPLC was determined.
The total concentration of DMFG is determined by mass of product in the soluble phase plus mass of
product in the solid phase.

The degree of hydrolysis (DMFG decrease) was followed by reverse-phase HPLC (Spectra Physic
SP 100 coupled with an UV detector Spectra Physic SP 8450) on a Waters Symmetry column C18 5 pm
(4.6 x 150 mm). Elution was performed with a mobile phase composed by acetonitrile (35% v/v) and
10 mM ammonium phosphate pH 3 (65% v/v), at a flow rate of 1 mL/min. Elution was monitored by
recording the absorbance at 225 nm [21]. Concentration of substrate was calculated from calibration
curves using stock solutions. Conversion was calculated by using the following equation:

Conversion (%) = (DMFG);/(DMFG),) x 100,

where (DMFG); is the total substrate concentration (mM) at t hours and (DMFG),, is the total substrate
concentration at zero hours (initial concentrations of DMFG (mM)).
Initial reaction rates were calculated from the initial slope of the product versus time curve.
Specific productivity (g product/d g biocatalyst) was determined as the amount of R-MFG
produced per unit time and unit mass of biocatalyst at maximum conversion.

3.4. Determination of Enantiomeric Excess

The enantiomeric excess (e.e) of the R-methyl-3-phenyl glutarate (R-MFG) formed was analyzed
by Chiral Reverse Phase HPLC [21]. The column was a Chiracel OD-R (Chiral Technologies, Inc. West
Chester, NY, USA). The mobile phase was acetonitrile (25% v/v) and 10 mM ammonium phosphate
PH 3 (75% v/v). Elution was done at a flow rate of 0.7 mL/min and the absorbance of the samples was
read at 225 nm. The e.e was determined at final conversion and the calculation was done using the
following equation:

e.e (%) = (R-MFG — S-MFG)/(R-MFG + S-MFG)) x 100,
where R-MFG and S-MFG are the concentrations (mM) of the R-isomer and S-isomer, respectively.

3.5. Stability of Novozym 435

Novozym 435 was incubated in non-reactive conditions in the presence of phosphate buffer and
ChCl:urea 50% (v/v). At different times, samples were withdrawn and washed with water. The activity
was measured as described previously and was expressed in terms of residual activity (ratio between
final and initial activity).

4. Conclusions

The selectivity of Novozym 435 in the asymmetric hydrolysis of DMFG was highly improved
through the use of high substrate concentrations and a DES-buffer mixture as reaction medium. Thus,
the R-MFG was obtained with a high degree of purity (e.e = 99%) and moderate specific productivity.
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It should be noted that there is an important effect of the substrate concentration on the selectivity
of Novozym 435, which is an asset that has not yet been adequately exploited in the asymmetric
hydrolysis reaction.

Author Contributions: Conceptualization, Z.C.; methodology, Z.C., Y.F. and L.C.; formal analysis, Z.C.;
investigation, Y.F. and L.C.; writing—original draft preparation, Z.C., Y.F. and L.C.; writing—review and editing,
Z.C.; supervision, Z.C.; project administration, Z.C.; funding acquisition, Z.C.

Funding: This work was funded by Fondecyt, Chile (Project 1130981) and PUCYV, Chile (Project 203.799/2013).

Acknowledgments: The authors thank Carlos Carlessi of the School of Chemical Engineering, PUCV for chemical
synthesis of DES (ChCl:Urea). The authors also thank Andrés Illanes for reviewing the manuscript.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design of the
study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to
publish the results.

References

1.  Food & Drug Administration. FDA'’s statement for the development of new stereoisomeric drugs. Chirality
1992, 4, 338-340. [CrossRef] [PubMed]

2. Federsel, H.]. Asymmetry on large scale: The roadmap to stereoselective processes. Nat. Rev. 2005, 4, 685-697.

3.  Guevara-Pulido, J.O.; Caicedo, J.; David, F.; Vela, M.; Gonzalez, J. Catalisis asimétrica, una nueva era en la
sintesis de farmacos: Historia y evolucion. Revista Facultad de Ciencias Bdsicas 2017, 13, 105-116.

4.  Garcia-Urdiales, E.; Alfonso, I.; Gotor, V. Update 1 of: Enantioselective enzymatic desymmetrizations in
organic synthesis. Chem. Rev. 2011, 111, PR110-PR180.

5. Palomo, ].M.; Cabrera, Z. Enzymatic desymmetrization of prochiral molecules. Curr. Org. Synth. 2012,
9, 791-805. [CrossRef]

6.  Doukyu, N.; Ogino, H. Organic solvent-tolerant enzymes. Biochem. Eng. ]. 2010, 48, 270-282. [CrossRef]

7. Khmelnitsky, Y.L.; Mozhaev, V.V,; Belova, A.B.; Sergeeva, M.V.; Martinek, K. Denaturation capacity: A new
quantitative criterion for selection of organic solvents as reaction media in biocatalysis. Eur. J. Biochem. 1991,
198, 31-41. [CrossRef]

8.  Stepankova, V.; Bidmanova, S.; Koudelakova, T.; Prokop, Z.; Chaloupkova, R.; Damborsky, J. Strategies for
stabilization of enzymes in organic solvents. ACS Catal. 2013, 3, 2823-2836. [CrossRef]

9.  Illanes, A.; Altamirano, C.; Fuentes, M.; Zamorano, F.; Aguirre, C. Synthesis of cephalexin in organic medium
at high substrate concentrations and low enzyme to substrate ratio. J. Mol. Catal. B: Enzym. 2005, 35, 45-51.
[CrossRef]

10. Jacobsen, E.E.; Hoff, B.H.; Moen, A.R.; Anthonsen, T. Enantioselective enzymatic preparation of chiral
glutaricmonocarboxylic acids and amides. J. Mol. Catal. B: Enzym. 2003, 21, 55-58. [CrossRef]

11.  Xu, P; Zheng, G.-W.; Zong, M.-H.; Li, N.; Lou, W.-Y. Recent progress on deep eutectic solvents in biocatalysis.
Bioresour. Bioprocess 2017, 4, 34. [CrossRef] [PubMed]

12. Durand, E.; Lecomte, J.; Baréa, B.; Villeneuve, P. Towards a better understanding of how to improve
lipase-catalyzed reactions using deep eutectic solvents based on choline chloride. Eur. J. Lipid. Sci. Technol.
2014, 116, 16-23. [CrossRef]

13. Kim, S.H,; Park, S.; Yu, H.; Kim, ].H.; Kim, H.J.; Yang, Y.-H.; Lee, S.H. Effect of deep eutectic solvent mixtures
on lipase activity and stability. J. Mol. Catal. B: Enzym. 2016, 128, 65-72. [CrossRef]

14. Juneidi, I.; Hayyan, M.; Hashim, M.A.; Hayyan, A. Pure and aqueous deep eutectic solvents for a
lipase-catalysed hydrolysis reaction. Biochem. Eng. J. 2017, 117, 129-138. [CrossRef]

15. Brenna, D.; Massolo, E.; Puglisi, A.; Rossi, R.; Celentano, G.; Benaglia, M.; Capriati, V. Towards the
development of continuous, organocatalytic, and stereoselective reactions in deep eutectic solvents. Beilstein J.
Org. Chem. 2016, 12, 2620-2626. [CrossRef] [PubMed]

16. Maugeri, Z.; Dominguez de Maria, P. Benzaldehyde lyase (BAL)-catalyzed enantioselective CC bond
formation in deep-eutectic-solvents-buffer mixtures. J. Mol. Catal. B: Enzym. 2014, 107, 120-123. [CrossRef]

17.  Homann, M.; Vail, R.; Morgan, B.; Sabesan, V.; Levy, C.; Dodds, D.; Zaks, A. Enzymatic hydrolysis of a
prochiral 3-substituted glutarate ester, an intermediate in the synthesis of an NK1/NK2 dual antagonist.
Adv. Synth. Catal. 2001, 343, 744-749. [CrossRef]


http://dx.doi.org/10.1002/chir.530040513
http://www.ncbi.nlm.nih.gov/pubmed/1354468
http://dx.doi.org/10.2174/157017912803901628
http://dx.doi.org/10.1016/j.bej.2009.09.009
http://dx.doi.org/10.1111/j.1432-1033.1991.tb15983.x
http://dx.doi.org/10.1021/cs400684x
http://dx.doi.org/10.1016/j.molcatb.2005.04.015
http://dx.doi.org/10.1016/S1381-1177(02)00138-8
http://dx.doi.org/10.1186/s40643-017-0165-5
http://www.ncbi.nlm.nih.gov/pubmed/28794956
http://dx.doi.org/10.1002/ejlt.201300246
http://dx.doi.org/10.1016/j.molcatb.2016.03.012
http://dx.doi.org/10.1016/j.bej.2016.10.003
http://dx.doi.org/10.3762/bjoc.12.258
http://www.ncbi.nlm.nih.gov/pubmed/28144332
http://dx.doi.org/10.1016/j.molcatb.2014.06.003
http://dx.doi.org/10.1002/1615-4169(200108)343:6/7&lt;744::AID-ADSC744&gt;3.0.CO;2-E

Molecules 2019, 24, 792 90f9

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.
30.

31.

32.

Yu, M.S.; Lantos, L; Peng, Z.Q.; Lu, J.; Cacchio, T. Asymmetric synthesis of (—)-paroxetine using PLE
hydrolysis. Tetrahedron 2000, 41, 5647-5651. [CrossRef]

Lee, TL; Hong, PC,; Huang, HL.; Chen, SEF; Wang, C.L; Wen, Y.S. Asymmetric syntheses of
trans-3,4-disubstituted 2-piperidinones and piperidines. Tetrahedron Asymmetry 2001, 12, 419-426.

Chen, L.-Y; Zaks, A, Chackalamannil, S.; Dugar, S. Asymmetric synthesis of substituted
2-azaspiro-[3.5]-nonan-1-ones: An enantioselective synthesis of the cholesterol absorption inhibitor (+)-SCH
54016. J. Org. Chem. 1996, 61, 8341-8343.

Cabrera, Z.; Palomo, ].M. Enantioselective desymmetrization of prochiral diesters catalyzed by immobilized
Rhizopus oryzae lipase. Tetrahedron Asymmetry 2011, 22, 2080-2084. [CrossRef]

Fryszkowska, A.; Komar, M.; Koszelewski, D.; Ostaszewski, R. Enzymatic desymmetrization of 3-arylglutaric
acid anhydrides. Tetrahedron Asymmetry 2005, 16, 2475-2485. [CrossRef]

Cabrera, Z.; Fernandez-Lorente, G.; Fernandez-Lafuente, R.; Palomo, J.M.; Guisan, ].M. Enhancement of
Novozym-435 catalytic properties by physical or chemical modification. Process Biochem. 2009, 226-231.
[CrossRef]

Guajardo, N.; Bernal, C.; Wilson, L.; Cabrera, Z. Asymmetric hydrolysis of dimethyl-3-phenylglutarate in
sequential batch reactor operation catalyzed by immobilized Geobacillus thermocatenulatus lipase. Catal. Today
2015, 255, 21-26. [CrossRef]

Durand, E.; Lecomte, ].; Baréa, B.; Dubreucq, E.; Lortie, R.; Villeneuve, P. Evaluation of deep eutectic
solvent-water binary mixtures for lipase-catalyzed lipophilization of phenolic acids. Green Chem. 2013,
15,2275-2282. [CrossRef]

Wu, B.P; Wen, Q.; Xu, H,; Yang, Z. Insights into the impact of deep eutectic solvents on horseradish
peroxidase: Activity, stability and structure. J. Mol. Catal. B Enzym. 2014, 101, 101-107. [CrossRef]
Cabrera, Z.; Fernandez-Lorente, G.; Fernandez-Lafuente, R.; Palomo, ].M.; Guisan, ].M. Novozym 435
displays very different selectivity compared to lipase from Candida antarctica B adsorbed on other
hydrophobic supports. J. Mol. Catal. B: Enzym. 2009, 57, 171-176. [CrossRef]

Vitale, P.; Abbinante, V.M.; Perna, EM.; Salomone, A.; Cardellicchio, C.; Capriati, V. Unveiling the Hidden
Performance of Whole Cells in the Asymmetric Bioreduction of Aryl-containing Ketones in Aqueous Deep
Eutectic Solvents. Adv. Synth. Catal. 2017, 359, 1049-1057. [CrossRef]

Turner, N. Controlling chirality. Curr. Opin. Biotechnol. 2003, 401-406. [CrossRef]

Cabrera, Z.; Fernandez-Lorente, G.; Palomo, J.M.; Guisan, ].M.; Fernandez-Lafuente, R. Asymmetric
hydrolysis of dimethyl-3-phenylglutaratecatalyzed by Lecitase Ultra®Effect of the immobilization protocol
on its catalytic properties. Enzyme Microb. Technol. 2008, 43, 531-536. [CrossRef]

Fernandez-Lorente, G.; Cabrera, Z.; Godoy, C.; Fernandez-Lafuente, R.; Palomo, ].M.; Guisan, ]. M.
Interfacially activated lipases against hydrophobic supports: Effect of the support nature on the biocatalytic
properties. Process Biochem. 2008, 43, 1061-1067. [CrossRef]

Gloria Fernandez-Lorente, G.; Palomo, ].M.; Cabrera, Z.; Guisan, ].M.; Fernandez-Lafuente, R. Specificity
enhancement towards hydrophobic substrates by immobilization of lipases by interfacial activation on
hydrophobic supports. Enzyme Microb. Technol. 2007, 41, 565-569. [CrossRef]

Sample Availability: Substrate samples are available from the authors.

@ © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1016/S0040-4039(00)00942-4
http://dx.doi.org/10.1016/j.tetasy.2011.11.012
http://dx.doi.org/10.1016/j.tetasy.2005.06.025
http://dx.doi.org/10.1016/j.procbio.2008.10.005
http://dx.doi.org/10.1016/j.cattod.2014.12.039
http://dx.doi.org/10.1039/c3gc40899j
http://dx.doi.org/10.1016/j.molcatb.2014.01.001
http://dx.doi.org/10.1016/j.molcatb.2008.08.012
http://dx.doi.org/10.1002/adsc.201601064
http://dx.doi.org/10.1016/S0958-1669(03)00093-4
http://dx.doi.org/10.1016/j.enzmictec.2008.07.001
http://dx.doi.org/10.1016/j.procbio.2008.05.009
http://dx.doi.org/10.1016/j.enzmictec.2007.05.004
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results and Discussion 
	Asymmetric Hydrolysis of DMFG Catalyzed by Novozym 435 
	Effect of High Substrate Concentration on the Selectivity of Novozym 435 
	Solubility of R-MFG in ChCl:Urea 50% (v/v) 
	Stability of Novozym 435 in the Presence of Phosphate Buffer and ChCl:Urea 50% (v/v) 

	Materials and Methods 
	General 
	Lipase Activity Determination 
	Asymmetric Hydrolysis of DMFG Catalyzed by Novozym 435 
	Determination of Enantiomeric Excess 
	Stability of Novozym 435 

	Conclusions 
	References

