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ABSTRACT

Carrier-free immobilization of Candida rugosa lipase (CRL) and polymers containing primary
amino groups were cross-linked using carbodiimide. To accomplish this, the free carboxyl
groups of the enzyme were activated with carbodiimide-succinimide in organic medium, and
then the activated proteins were cross-linked with different polyethyleneimines (PEls). The
effect of the cross-linker chain length, the amount of added bovine serum albumin (BSA), and
carbodiimide concentration on the catalytic properties of resulting cross-linked enzyme
aggregates (CLEAs) was investigated. The CLEASs’ size, shape, specific activity, activity
recovery, thermostability and enantioselectivity significantly varied according to the preparation
procedure. The highest thermostable CRL-CLEA preparation was obtained with 1.3 kDa
polyethyleneimine as cross-linker, 10 mg of BSA and 28 mM of carbodiimide. This preparation
is 1.3-fold more active and thermostable than CLEAs prepared by the traditional method of
amino cross-linking with glutaraldehyde, and retains 60% of residual activity after 22 h at 50°C.
Additionally, the CRL-CLEA preparation showed an enantioselectivity of 91% enantiomeric
excess (ee). This immobilization procedure provides an alternative strategy for CLEA
production, particularly for enzymes where the traditional method of cross-linking via lysine

residues leads to enzyme inactivation.



INTRODUCTION

Lipases are a group of enzymes with important applications in the energy, food and chemical
industries.’®> However, these biocatalysts are usually expensive and often not sufficiently stable
under industrial process conditions. To address this, immobilization techniques have been
developed as tools for stabilization, separation and reutilization of these enzymes, increasing
their potential for use as industrial catalysts.*®

Carrier-free immobilization refers to the irreversible insolubilization of enzymes, mediated by
cross-linking with bifunctional reagents, to achieve enzyme-enzyme covalent bonds. This kind of
immobilization avoids the use of pre-existing supports and offers advantages such as lower
production costs and higher specific activity per gram of biocatalyst.” One of these
immobilization techniques, cross-linked enzyme aggregates (CLEAS) technology, has been used
for lipases, proteases, amidases and oxynitrilases® ° and it appears promising for use in the
stabilization of proteins and for providing robustness for immobilized biocatalysts.1% 11

Nevertheless, the preparation of CLEAS is challenging for enzymes with few lysine residues.
This problem can be solved by cross-linking these proteins in the presence of amino-containing
polymers, such as polylysine'? and polyethyleneimine.®**> These compounds provide a source of
free primary amino groups and facilitate intermolecular cross-linking between proteins and
polymers.t® Additionally, the absolute number of amino groups can be increased by adding
bovine serum albumin (BSA) to the CLEA preparation. BSA can facilitate inter-molecular cross-
linking, which increases the robustness of the final CLEAs." 18

Several reports have highlighted the parameters that control the catalytic features of
CLEAs.1% 1920 For example, it has been shown that the cross-linker plays a key role during the
preparation and the final properties of CLEAs.?1?* Glutaraldehyde (GA) is the most commonly

employed cross-linker for CLEA preparation, since it results in a high degree of cross-linking, is
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cheap to produce, and is readily available.r® However, GA cross-linking cannot be universally
employed for proteins with few lysine residues, or for those containing catalytic lysines. This is
the case for nitrilases, whose activity is dramatically reduced after GA cross-linking.?® To avoid
enzyme inactivation, several groups have studied alternative cross-linkers, such as dextran
polyaldehyde,” p-benzoquinones?® and epoxides.?” In all the latter reported methods, the
chemical mechanism is based on the covalent bond between the cross-linker’s aldehyde groups
and lysine amino groups of enzymes.?

As well as lysine amino groups, free carboxyl groups from aspartic and glutamic acids are
also potentially reactive and could be involved in cross-linking. In general, these acidic amino
acids are more abundant than lysine residues in proteins,?® thus could be used to increase the
number of possible cross-linking sites. Carboxyl groups have also been tested for CLEA
preparation. In order to increase the number of possible covalent bonds of lipase from Candida
antarctica B (CALB), Galvis and coworkers achieved the amination of carboxyl groups of
CALB prior to GA cross-linking, thus achieving CALB-CLEAs with improved catalytic rates
and thermal stability.*® Chitosan was also used as cross-linker for the production of a stable
laccase-CLEA by cross-linking carboxy! groups after activation with carbodiimide.

This work, to our knowledge, is the first report of CLEA preparation by cross-linking the
enzyme surface carboxyl groups with polyethyleneimines, mediated by EDC-NHS. We studied
different parameters in order to optimize CLEA preparation. Morphological and functional

studies were carried out in order to further characterize these insoluble biocatalysts.



MATERIALS AND METHODS

Reagents. Candida rugosa lipase (CRL) TVII was purchased from Sigma-Aldrich (St. Louis,
MO, USA). 1-Ethyl-3-[3-dimethylaminopropil]carbodiimide (EDC) and N-hydroxysuccinimide
(NHS) were purchased from Pierce Scientific (Mexico City, Mexico). Polyethyleneimine (PEI)
with different molecular weights (MW), i.e. 1300 (PEl13), 25,000 (PEl2s), 70,000 (PEl7) and
750,000 (PEl7s0) Da, hexamethylenediamine (DH), bovine serum albumin (BSA), trioctanoin, p-
nitrophenyl butyrate (pNPB), glutaraldehyde solution (25% in water) and 2-
morpholinoethanesulfonic acid monohydrate (MES) were obtained from Sigma-Aldrich (St.
Louis, MO, USA). 2-O-butyryl-2-phenylacetic acid (BPA) was prepared as described
previously.®> Cyanogen bromide activated agarose (CNBr-agarose) was purchased from GE
Healthcare (Uppsala, Sweden).

Production of CLEAs by carboxyl cross-linking. Different amounts (as indicated) of both
CRL and BSA powders were suspended in 2 mL of trioctanoin/acetonitrile (0.05 g/25 mL)
solution in 15 mL conical tubes placed in an ice bath and allowed to stand for 60 min at 4°C.
Then, EDC dissolved in acetonitrile was added drop-by-drop under vortex agitation and allowed
to react for 5 min at 25°C and 750 rpm (to dissolve the EDC in acetonitrile, hydrochloric acid
was used in a molar ratio of 1:1; this solution was prepared 1 h before it was used and
maintained at room temperature). After 5 min of reaction time, NHS dissolved in acetonitrile was
added drop-by-drop and left for 5 min under vortex agitation (equimolar concentrations of both
EDC and NHS during the cross-linking process were used,®* ** i.e. when 28 mM of EDC was
employed, the concentration of NHS was also 28 mM). The cross-linker dissolved in distilled
water was then added drop-by-drop to reach a final concentration of 3 g/L and allowed to react

for 30 min at 25°C and 750 rpm. Afterwards, the mixture was centrifuged at 10,000 rpm at 4°C



for 5 min and the organic supernatant was discarded. The pellet was suspended in hydroxylamine
buffered solution five times more concentrated that the EDC concentration employed (0.1 M
MES, 0.5 M NaCl buffer, pH 5) and allowed to react for 1 h at 25°C and 750 rpm. CLEAs were
centrifuged at 10,000 rpm for 5 min at 4°C and washed three times with the same volume of
MES-NaCl buffer. Finally, CLEAs were suspended in 25 mM phosphate buffer (pH 7) and
stored at -20°C.

Production of CLEAs by amino cross-linking. CRL and BSA powders (100 and 10 mg,
respectively) were suspended in 2 mL of trioctanoin/acetonitrile (0.05 g/25 mL) solution in 15
mL conical tubes placed in an ice bath and allowed to stand for 60 min at 4°C. Then, PEIl1 3 water
solution and GA solution was added drop-by-drop to reach a final concentration of 3 g/L and 14
mM, respectively. The reaction mixture was shaken (750 rpm) for 30 min at 25°C. The mixture
was then centrifuged at 10,000 rpm at 4°C for 5 min and the organic supernatant was discarded.
The pellet was suspended in 10 mL of a buffered solution (0.1 M MES, 0.5 M NaCl, pH 5).
CLEAs were then centrifuged at 10,000 rpm for 5 min at 4°C and washed three times with the
same volume of MES-NaCl buffer. Finally, CLEAs were suspended in 25 mM phosphate buffer
(pH 7) and stored at -20°C.

Immobilization of CRL on cyanogen bromide activated support. Ten milliliters of CRL
solution (10 mg of powder in 10 mL of 25 mM phosphate buffer, pH 7 with 0.05% w/v Triton X-
100) were added to 1 g of CNBr-agarose (the use of the detergent was to avoid the attachment of
lipase dimers). After 7 min at 4°C, immobilization was stopped by filtration through a POBEL
Buchner funnel with perforate plate No. 2. The filtered derivative was suspended in 10 mL of 1

M ethanolamine at pH 7 and incubated for 2 h at 4°C. Then, the immobilized preparation was



filtered and washed with 10 volumes of distilled water and finally rinsed with 25 mM phosphate
buffer solution at pH 7.

Protein quantification. Protein was quantified by Bradford’s method.® Twenty microliters of
enzyme solution were mixed with 1 mL of Bradford reagent, incubated at room temperature for
15 min, and then the absorbance was measured at 595 nm. The protein content was estimated
using a calibration curve using BSA as a standard.

Activity assay. Lipase activity was determined by the hydrolysis of pNPB as follows: 20 pL
of 50 mM pNPB in acetonitrile was mixed with 2 mL of 25 mM phosphate buffer at pH 7. To
start the reaction, 50 puL of an adequately diluted enzyme solution or CLEA suspension was
added. The p-nitrophenol concentration was estimated as the increase in absorbance at 348 nm.
A p-nitrophenol standard curve was carried out under the same conditions. One unit of activity
(U) was defined as the amount of enzyme required to release one umol of p-nitrophenol per

minute. The activity recovery as CLEA was calculated with equation 1.

Total activity of CLEA
Total initial activity of the free enzyme

Activity recovery (%) = ( )xlOO Eqg. 1

Thermal stability. Thermal stability was determined by incubating enzyme solutions or
CLEA suspensions in 25 mM phosphate buffer at pH 7 at 50°C for 22 h in a water bath. Samples
were taken at 0.5, 1, 2, 4, 6, and 22 h of incubation, and their residual activity was measured as
above described.

CLEA scanning electron microscopy. Scanning electron micrographs of CLEA suspension in
distilled water were obtained with a Hitachi TM-1000 scanning electron microscope (SEM). The

size and shape of CLEA were determined.



Enzymatic hydrolysis of 2-O-butyryl-2-phenylacetic acid. Pellets from 10 mL CLEA
preparations (30-40 ug of protein per mL) were added to 3 mL of 5 mM racemic 2-O-butyryl-2-
phenylacetic acid (BPA) in 10 mM sodium acetate buffer at pH 5. Solutions were maintained
under mild agitation at 25°C for different time intervals. Substrate and products of the enzymatic
reaction were analyzed by HPLC (Spectra System P4000 coupled with an UV-diode array
detector, Spectra System SN4000) using a reverse-phase Kromasil C18 (25 cmx0.4 cm) column.
Elution was performed with 10 mM ammonium acetate in acetonitrile/water (35:65, v/v) buffer
at pH 3.2 at a flow rate of 1 mL/min. Absorbance was measured at 210 nm. One unit of activity
(U) was defined as the amount of enzyme releasing one pmol of mandelic acid per minute.

Enantiomeric excess (ee) and enantiomeric ratio (E) determinations. The enantiomeric
excess of the released acid was analyzed using Chiral Reverse Phase HPLC. Enzyme
concentrations yielding conversion degrees from 10 to 15% were used to assure that the enzyme
kinetics were in the first-order region. The column used was a Chiralcel OD-R, the mobile phase
was an isocratic mixture of 10 mM ammonium phosphate in acetonitrile/water (5%/95% v/v)
buffer, at pH 2.3 and a flow rate of 0.5 mL/min. Absorbance was measured at 210 nm. Retention
times for the S and R mandelic acids were 28.5 and 32.5 min respectively. The enantiomeric ratio
(E) was directly calculated from the ratio between the reaction rates of both isomers. Calibration
curves for both isomers of mandelic acid were determined for concentrations of 1, 10, 100, and
1000 ppm.*® At concentrations of 100 ppm a correction factor of 1.037 was applied for the S-
isomer, which displayed slightly lower response than the R-isomer. The ee was calculated using

the equations by Chen et al.%’



RESULTS AND DISCUSSION

Candida rugosa lipase (CRL) was selected as a model system due to its high content (2.6-fold
more than the amino groups) of carboxylic acid groups (Data obtained from the reported 3D
structure from CRL at Protein Data Bank (PDB) with PDB code 1LPS). Additionally, these
carboxyl groups are well spread in the enzyme molecule (Supporting information Fig. 1S).
Furthermore, successful production of CLEAs of lipase from Candida rugosa (CLR) cross-
linked with GA has been well documented.® ° 2% %8 Aminated polymers were used to evaluate the
effect of the cross-linker length on the catalytic properties of carboxyl cross-linked CLEAS
(carboxyl-CLEA).

CLEA production was carried out without a previous precipitation step. Instead, powdered
enzyme was directly suspended in acetonitrile and then cross-linked. In order to maintain the
active conformational state of lipase during its immobilization, CLEA production was performed
in the presence of trioctanoin, a well-documented substrate for lipases; this approach has
demonstrated to be useful to preserve the active conformational state of enzymes during their
immobilization.® Different concentrations of trioctanoin were evaluated and the addition of 50
mM trioctanoin provided two-fold more active CLEAs (Supporting information Fig. 2S).

The preparation of carboxyl-CLEAs was performed in two steps based on the well-known
chemistry of carbodiimide. First, the carboxyl groups of the enzyme were activated with 1-ethyl-
3-[3-dimethylaminopropil] carbodiimide (EDC), followed by N-hydroxysuccinimide (NHS) to
enable them to react with primary amines.*® The activated carboxyl groups were then covalently
bonded to the primary amino groups of the polyethyleneimine (PEI) (Scheme 1).
Polyethyleneimines are multi-amino polymers containing numerous primary, secondary and

tertiary amino groups. Because of their capacity to establish electrostatic interactions with



proteins, these charged polymers have been employed in purification,* immobilization,*? and as

coating-agents*® of enzymes.
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Scheme 1. Cross-linking of enzymes through their carboxyl groups. A) Activation of enzyme
carboxyl groups by the addition of EDC-NHS. B) Amide bond formation between the amino-

containing polymer and enzymes.

Different conditions for the production of carboxyl-CLEAs were assessed in order to yield
CLEA with both high specific activity and thermostability. Enantioselectivity was also evaluated
for the different lipase-CLEA preparations, since lipases are well-known as enantioselective
biocatalysts. 2-O-butyryl-2-phenyl acetic acid (BPA) was chosen as a model substrate to study
enzyme enatioselectivity because the resulting product-mandelic acid—is an important precursor
in the production of a great variety of antibiotics,** *° anti-tumoral agents,*® and chiral alcohols.*’
We also compared the catalytic properties of these novel protein aggregates to CRL immobilized
on pre-existing carriers such as cyanogen bromide agarose. This latter immobilization procedure
allows for one point attachment of the enzyme,*® resulting in fewer structural modifications and

showing an E (S) = 9.5.
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Effect of different preparation conditions on CLEAs’ properties
Extent of cross-linking. The effect of the concentration of the EDC used to activate the carboxyl
groups of both BSA and CRL was evaluated (Table 1). The variation of the EDC concentration
modulates the extent of cross-linking by controlling the degree of activation of the carboxyl
groups of the protein. Both specific activity and activity recovery decreased when the
carbodiimide concentrations increased. The higher EDC concentration lowered the activity
recovery; this is the result of a higher rigidification of enzymes with the consecutive loss of
enzyme flexibility. However, under low EDC concentration we did not observe CLEA
formation. A similar trend was observed for GA lipase CLEA preparations® ¢ and for other
cross-linking agents like p-benzoquinones.?® These results show that CLEA optimization
requires a commitment between the extent of cross-linking (EDC concentration) and activity
recovery. The highest activity recovered after CLEA production was 15% of the initial activity
present in the free enzyme (Table 1) by using 13-20 mM of EDC. This value was comparable to
that found by Kartal et al. who recovered 26% of the initial activity after optimization of CRL-
CLEA cross-linked with glutaraldehyde.*® CRL-CLEA preparation at 50 and 100 mM of EDC
did not improve the specific activity and activity recovery presented in table 1 (data not shown).
Additionally, EDC concentrations higher than 80 mM resulted in nearly 50% loss of free CRL

activity (data not shown).
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Table 1. Effect of EDC concentration on CLEAs’ properties.

pNPB ) BPA

EDC di(;ri@rl Specific r'g‘g:/‘g:;/s Specific ee E®

(mM) (um) activity? (%) activity* (%) (S)

" (UImg) (Ulg)

13 20-80 752 152 5.8? 822 102
20 20-100 712 152 4.5° 86° 1320
28 50-100 33P 12° 3.1° 91° 21°
35 50-150 18° 11b¢ 2.0¢c4d 86° 1320
40 50-150 13¢ 9° 1.1¢ 88Pc 15°

All CLEAs were prepared at 30 mg/mL [enzyme], 3 g/L [PEl13] and 10 mg of BSA. 'CLEA diameters were
estimated from SEM images. 2Reaction conditions were 0.5 mM of pNPB in phosphate buffered solution (25 mM,
pH 7.0) at 25°C. SActivity recovery was estimated from CLEA activity with pNPB as substrate. “Reaction
conditions were 5 mM of BPA in acetate buffered solution (10 mM, pH 5.0) at 25°C. 5E was calculated from the
reaction rates ratio S-mandelic acid/R-mandelic acid. #><4¢Numbers with different letters are statistically different
(oo > 0.05). Values are the average of three independent assays.

In morphological terms, CLEAs made with low EDC concentration (< 20 mM) were smaller
and presented as sparse structures whereas bigger, denser and more grained structures were
obtained with higher EDC concentrations (>28 mM) (Supporting Information Fig. 3S).

The highest enantioselectivity value (ee 91%) was obtained with 28 mM EDC as cross-linker
(Table 1). Nevertheless, both lower enantioselective and active CLEA were found to have a high
degree of cross-linking, showing a compromise between specific activity and enantioselectivity.
These results strongly agree with the results of CLEAs of Burkholderia cepacia lipase prepared
with glutaraldehyde as cross-linker.??

Finally, we also evaluated the thermal stability of the different preparations (Fig. 1). They
showed higher thermostability than the free enzyme in all cases. CLEAs prepared with 28-35
mM EDC showed the highest thermal stability, retaining 63% of their initial activity after 22 h
incubation at 50°C and pH 7 (Fig. 1). These results suggest that a higher degree of protein cross-

linking increases the enzyme structural rigidity (over the entire tertiary protein structure),
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consequently providing higher thermal stability. At higher cross-linker concentration (40 mM),
the chemical modification of the protein might result on structural distortions with negative
effect on the thermal stability of the protein. The stability of an enzyme might depend on
flexibility and rigidity of its active site. It has been demonstrated that interactions as hydrophobic
ones; main chain-main chain hydrogen bonds, side chain-main chain hydrogen bonds, side chain-
side chain hydrogen bonds, ionic interactions and aromatic-aromatic interactions play an
important role in the thermal stability of some lipases.*® Improved thermal stability in CLEAs is

also related to the degree of cross-linking when glutaraldehyde was employed as the cross-

linker.?
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Figure 1. Effect of EDC concentration on thermal inactivation of free CRL and CRL-CLEA at

50°C pH 7. Symbols represent the mean value of two independent assays + standard deviation.

BSA as an aid to increase the cross-linking efficiency. In order to evaluate the effect of the
addition of BSA in CLEA formation, we chose 28 mM EDC as the optimal cross-linking
condition based on the results obtained previously. Benefits of using BSA as a protein feeder for

production of CLEAs are well documented.'” 18 Different amounts of BSA were added, and then
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the catalytic properties of CLEA preparations were evaluated. Firstly, adding BSA during CLEA
preparation notably affected both size and catalytic properties (Table 2). A strong positive effect
on specific activity and enantioselectivity was observed when low amounts (< 10 mg) of BSA
were present during the production of CLEAs. Although CLEA morphology was the same at
different concentrations of BSA (Supporting information Fig. 4S), at lower BSA concentrations,

CLEA were smaller and more active.

Table 2. Effect of the amount of added BSA on CLEAs’ properties.

pNPB - BPA

BSA d.C LEA L specific ACt'V'ty3 specific ee E®

iameter ivity? recovery ivity? o S

(mg) (um) ezc |/V|y) (%) ac( |\;| )y (%) (S)
U/mg U/g

0 20-100 36° 132 3.1° 922 242

5 50-100 32° 122 4.5° 922 232

10 50-100 330 128 3.02 91ab 212

30 100-200 11¢ Qb 1.2° g7be 15°

50 150-250 3 Qb 0.2¢ 84° 11°

All CLEAs were prepared at 30 mg/mL [enzyme], 3 g/L [PEl.3] and 28 mM [EDC]. 'CLEA diameters were
estimated from SEM images. ?Reaction conditions were 0.5 mM of pNPB in phosphate buffered solution (25
mM, pH 7.0) at 25°C. ®Activity recovery was estimated from CLEA activity with pNPB as substrate. “Reaction
conditions were 5 mM of BPA in acetate buffered solution (10 mM, pH 5.0) at 25°C. °E was calculated from the
reaction rates ratio S-mandelic acid/R-mandelic acid. **“9Numbers with different letters are statistically different
(o0 > 0.05). Values are the average of three independent assays.

It has been reported that CLEAS prepared with GA in the presence of BSA retained higher
catalytic activity than those prepared without BSA.*® For example, CLEAs of lipases from
Pseudomonas cepacia prepared with GA in the presence of BSA retained 100% of their native
activity, while the same immobilized enzymes with GA in the absence of BSA retained only 4%
of the initial activity.” In contrast, our results showed that specific activity and activity recovery
are nearly independent of BSA addition at low BSA concentrations (<10 mg). BSA did not seem
to induce any positive effect on enzyme specific activity of the final CLEA preparations, as

previously reported for CLEAs prepared with GA for different enzymes, including CRL.%8 5152
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The CLEAS’ enantioselectivity at different concentrations of BSA was also investigated. A
substantial effect on enantioselectivity was observed at high BSA load (above 10 mg) during
CLEA preparation. Similar enantioselectivities were obtained with 0, 5, and 10 mg of added
BSA, whilst 30 and 50 mg of BSA resulted in lower enantioselectivities (Table 2). Conversely,
low specific activity values, during the hydrolysis of BPA, were observed at high BSA
concentrations, with 22-fold more active CLEAs when 5 mg of BSA were added as compared
with the specific activity obtained when 50 mg of BSA were loaded (Table 2).

We have observed that optimal addition of BSA (10 mg) yielded CLEAs with significantly
higher thermal stability (Fig. 2). The same BSA effect was found in laccase CLEAS prepared at
different BSA/enzyme ratios, as well as for penicillin acylase CLEAs.Y” However, higher BSA
concentrations (> 10 mg) resulted in a decrease of thermal stability, as shown for CLEA prepared
with 30 and 50 mg of BSA, probably due to a lower degree of enzyme cross-linking. This fact is
supported by the high concentration of released protein after the leakage stability test (heating at
95 °C, for 5 min) of CLEAs produced with high amounts of BSA (>10 mg) (Supporting

information Fig. 5S).
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Figure 2. Effect of the amount of BSA on thermal inactivation of CRL-CLEA at 50°C pH 7 for

22 h. Symbols represent the mean value of two independent assays + standard deviation.

Effect of cross-linker length. We studied the effect of polyethyleneimines (PEIs) chain length on
CRL-CLEA properties by preparing them with 10 mg of BSA and 28 mM EDC as optimal
conditions. Medium polymeric cross-linker (PEl1.3) yielded CLEAs with higher specific activity
than with the shortest cross-linker (DH) (Table 3). This effect could be attributed to the
formation of less compact CLEAs due to the longer cross-linker, which enables larger intra-
molecular spacing compared to the shortest cross-linker.>® However, the larger cross-linkers
(PEl70 and PEl7so) tested, resulted in bigger and less active CLEAs than those obtained with the
PEl13. This effect was also reported with dextran-aldehyde (100-200 kDa), which produced less

adequate CLEAs than glutaraldehyde (0.1 kDa).?

Table 3. Effect of the cross-linker molecular weight on CLEAs’ properties.

Cross- pNPB . BPA
Cross- linker diirlfegrl specific r':fgi)g:yg specific ee E®
linker Mw activity? o " activity* (%) (S)
(kDa) (um) (Ulmg) (%) (Ulg)
DH 0.12 10-70 302 92 3.0? 87? 142
PEl.3 1.3 50-100 332 12° 3.32 91° 22°
PEl7o 70 100-200 24° 7° 3.7? 93° 26°
PEls0 750 100-300 22° 11¢ 1.8° 91° 21°

All CLEASs were prepared at 30 mg/mL [enzyme], 28 mM [EDC], 10 mg of BSA and 3 g/L of each cross-linker.
ICLEA diameters were estimated from SEM images. ?Reaction conditions were 0.5 mM of pNPB in phosphate
buffered solution (25 mM, pH 7.0) at 25°C. 3Activity recovery was estimated from CLEA activity with pNPB as
substrate. “Reaction conditions were 5 mM of BPA in acetate buffered solution (10 mM, pH 5.0) at 25°C. °E was
calculated from the reaction rates ratio S-mandelic acid/R-mandelic acid. ***9Numbers with different letters are
statistically different (o > 0.05). Values are the average of three independent assays.

Regarding the enantioselectivity, although specific activity of CLEAs towards BPA is nearly
independent of the cross-linker length, the E value increased with larger cross-linker lengths

(Table 3). The polyethyleneimines employed in this work are ionic polymers providing a
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positively charged microenvironment around the enzyme and are responsible for hydrophilic and
electrostatic conditions in the surroundings of the enzymes. Therefore, different degree of
polymerization of PEIl will modify the open-closed equilibrium of the lipase’s lid and the
conformation of the binding pocket, resulting in different enzyme selectivity.**°

The open-close equilibrium of lipases is also mediated by electrostatic interactions between
the enzyme surface and the external face of the lid when it is open. These interactions might be
modified in presence of hydrophilic polymers around the enzyme. Therefore, in this particular
case, longer cross-linkers provided a major positively charged microenvironment resulting in
conformational changes in the enzyme structure. As a result of this, an improved
enantioselectivity was observed in the tested hydrolytic resolution (Table 3).

For example, CLEAs preparations that contain DH (DH-CLEASs), showed similar
enantioselectivity to the CRL immobilized on agarose activated with cyanogen bromide groups
(Es) = 9.5) that provide hydrophilic but neutral environments for the protein. Instead, PEI1.3- and
PEl7-CLEAs provide higher hydrophilic and positively charged environments, showing
improved enantioselectivity than the DH-CLEAs and the CRL-CNBr. Nevertheless, an overly
increase in the positive charge that surrounds the enzyme (i.e. when PEIl7s0 was used) decreased
the enzyme enantioselectivity. We found that CLEAs produced with PEl7s0 were less
enantioselective than CLEAs produced with PElz. In order to improve the enantioselectivity, we
used shorter PEIs (MW 25 kDa), that did not improve the enantioselectivity values found for the
CLEAs containing PEl1 3 (data not shown).

Length of cross-linkers also showed marked effects on thermal deactivation of CLEAs (Fig. 3).
Small and compact CLEAs are more thermostable than bigger and sparse CLEAs. The highest

thermal stability was obtained with PEI13-CLEA, prepared with 10 mg of BSA at 28 mM EDC.
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Under these production conditions, PEl.3-CLEA maintained 61% of its initial activity after 22 h
under the assayed conditions, while the free enzyme lost 50% of its initial activity in less than 2

h (Fig. 3).
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Figure 3. Effect of the cross-linker on thermal inactivation of CRL and CRL-CLEA at 50°C

after 22 h at pH 7. Bars represent the mean value of two independent assays + standard
deviation.

Besides the improvement in thermal stability, PEIs have been used for coating immobilized
enzymes on pre-existing carriers and have been successfully employed in order to enhance the
stability of the biocatalyst during the synthesis of hydrophobic compounds in organic solvents.>
The stabilization effect may be attributed to the micro-hydrophilic environment created around
the enzyme. This environment may keep the water layer surrounding the enzyme. This layer is
crucial for enzyme flexibility and would decrease the organic concentration in a potential two-
phase system.*

An important property of CLEAs for their application in a large scale is their size, which is

directly implicated by their mass transfer and filterability.*® Preferably, CLEAs with smaller
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particle size and more porosity are favorable because they enable higher enzyme-substrate
contact, whilst bigger particle sizes diminish the formation of enzyme-substrate complexes of the
inner enzymes thus wasting their activity.?® Typically, the particle size of CLEAs varies from
0.1-200 pum. However, during recycling, the use of filtration and centrifugation operations leads
to the formation of clusters (aggregated CLEAS), resulting in mass transfer limitations with a
consequent reduction in overall specific activity.>®> Among the factors governing CLEA size,
enzyme and cross-linking agent concentrations are important variables. Both parameters can also
modify the recovery of enzymatic activity.?

The effect on the CLEA particle size was estimated by SEM. The images revealed that the
size of the obtained CLEAS was strongly dependent on the type and size of the cross-linker agent

used (Fig. 4).

TM-1000 D6.3 x2.5 30pm

TM-1000 D6.4 x7.0 10pm TM-1000 D6.7 x2.5 30pm
Figure 4. Differences in CLEA morphology and size due to the type and size of the cross-linker.

A) DH-CLEA, B) PEl13-CLEA, C) PEl7-CLEA, and D) PElzs-CLEA.
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As expected, smaller CLEASs were obtained with the shorter cross-linkers and bigger CLEAs
were achieved with the larger cross-linkers (Table 3). Moreover, cross-linker length also affected
the form of CLEA. Small (DH) and medium size (PEl1.3) cross-linkers yielded aggregates with a
curly-network branched form, whilst CLEASs obtained with long (PElzo and PElss0) cross-linkers
were shaped as a very large and homogeneous porous mesh (Fig. 4).

In view of the specific activity and the activity recovery, thermal deactivation and
enantioselectivity, the best conditions for CLEA production were: PEIl; 3 as the cross-linker, 10
mg of added BSA, and a 28 mM concentration of EDC. Although PEl7o-CLEA showed higher
enantioselectivity than PEl13-CLEA, the latter was three-fold more thermostable (Fig. 4),
whereas the improvement in selectivity of PEl7o-CLEA was not so marked (1.2 times higher) as
the improvement in thermal stability. The CLEAs prepared under the above-mentioned
conditions were compared with glutaraldehyde cross-linked CLEAs in terms of specific activity,

activity recovery, thermal deactivation and enantioselectivity.

Comparison of amino and carboxyl cross-linked CLEA. Traditionally, glutaraldehyde is the
cross-linker choice during CLEA preparation. Hence, amino-CLEA (obtained by GA cross-
linking) and carboxyl-CLEA were compared. Both CLEAs were prepared in the presence of
PEl1 .3 (at the same concentration), 10 mg of added BSA and with equal cross-linking time.

Hydrolysis of pNPB and 2-O-butyryl-2-phenylacetic acid was 1.3 and 2.3 times more active
for carboxyl-CLEA than for amino-CLEA, respectively (Table 4). Carboxyl-CLEA was more
thermostable than amino-CLEA (Table 4). This increase in stability can be explained in terms of
molecular rigidity, due the higher degree of cross-linking achieved by the cross-linking of

carboxyl groups compared to the less abundant amino groups. This effect was also found in
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CLEA of CALB cross-linked with glutaraldehyde before the amination of its carboxyl groups
with ethylenediamine when compared with CALB-CLEA cross-linked with glutaraldehyde
without prior amination.*® Regarding selectivity, both CLEAs exhibited similar
enantioselectivity towards the resolution of S-mandelic acid, and the same enantiomeric excesses

were reached (Table 4).

Table 4. Effect of different cross-linker binding sites during CRL-CLEA preparation

pNPB - . BPA

Cross-linking specific r)eb\cc(::/velrtyz Ec?écji?a; specific ee E°

binding site activity %) y % )y activitt (%) (S)
(U/mg) (Ulg)

Carboxyl groups 337 122 61 3.2% 918 22%

Amino groups 24P 122 19 1.4 922 26"

All CLEAS were prepared at 30 mg/mL [enzyme], [PEl13] 3 g/L, 10 mg of BSA and [EDC] = 28 mM or [GA] = 14
mM. !Reaction conditions were 0.5 mM of pNPB in phosphate buffered solution (25 mM, pH 7.0) at 25°C. 2Activity
recovery was estimated from CLEA activity with pNPB as substrate. Thermal stability conducted by incubation at
50°C and pH 7.0 for 22 h. *Reaction conditions were 5 mM of BPA in acetate buffered solution (10 mM, pH 5.0) at
25°C. 5E was calculated from the reaction rates ratio S-mandelic acid/R-mandelic acid. **Numbers with different
letters are statistically different (o > 0.05). Values are the average of three independent assays.

Finally, carboxyl-CLEAs were found to be potentially useful for enzyme cross-linking
because they show better specific activity and thermal stability than amino-CLEAs, while both

CLEAs exhibited similar selectivity towards S-mandelic acid.

CONCLUSIONS

Production of CLEA by immobilization of the Candida rugosa lipase was successfully achieved
by cross-linking the carboxyl groups of lipase with polyethyleneimines. CLEA preparation was
carried out by activating the carboxyl groups of the enzyme after the addition of EDC-NHS. The
best CRL-CLEA exhibited some advantages such as higher enantioselectivity and thermal

stability compared to the free enzyme. The cross-linker chain length and the addition of BSA
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have an important effect on morphology, specific activity, thermostability, and enantioselectivity
of the obtained CLEAs. Additionally, carboxyl-CLEAs were more active and thermostable than
amino-CLEAs obtained via glutaraldehyde cross-linking. Therefore, the approach used in this
study represents a potential option for CLEA preparation of other enzymes, which are inactivated
with GA. The results obtained open up a new field of research related to the features that control

the final performance of CLEASs for profitable preparation and improved industrial applications.
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ABBREVIATIONS

PEI, polyethyleneimine; BSA, bovine serum albumin; CLEAS, cross-linked enzyme aggregates;
GA, glutaraldehyde; DP, dextran-polyaldehyde; EDC, 1-Ethyl-3-[3-
dimethylaminopropil]carbodiimide; NHS, N-hydroxysuccinimide; CRL, Candida rugosa lipase;
MW, molecular weight; PEl.3, polyethyleneimine with molecular weight of 1.3 kDa; PElzs,
polyethyleneimine with molecular weight of 25 kDa; PElzo, polyethyleneimine with molecular
weight of 70 kDa; PElsso, polyethyleneimine with molecular weight of 750 kDa; DH,
hexamethylenediamine; CNBr-agarose, cyanogen bromide activated agarose; MES, 2-
morpholinoethanesulfonic acid monohydrate; NaCl, sodium chloride; pNPB, p-nitrophenyl
butyrate; BPA, 2-O-butyryl-2-phenylacetic acid; HPLC, high-performance liquid
chromatography; SEM, scanning electron microscopy; Candida antarctica B, CALB,;
enantiomeric excess, ee; enantiomeric ratio, E; DH-CLEAs, cross-linked enzyme aggregates
with  hexamethylenediamine; PEIl1 3-CLEAs, cross-linked enzyme aggregates with
polyethyleneimine with molecular weight of 1.3 kDa; PEl7-CLEASs, cross-linked enzyme

aggregates with polyethyleneimine with molecular weight of 70 kDa.
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