Microporous and Mesoporous Materials 214 (2015) 166—180

Microporous and Mesoporous Materials

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

Contents lists available at ScienceDirect

MICROPOROUS AND
MESOPOROUS MATERIALS

Potential new biocatalysts for biofuel production: The fungal lipases of
Thermomyces lanuginosus and Rhizomucor miehei immobilized on

CrossMark

zeolitic supports ion exchanged with transition metals

Adriano de Vasconcellos °, Juliana Bergamasco Laurenti °, Alex Henrique Miller °, .
Danilo Antonio da Silva °, Fabio Rogério de Moraes ¢, Donato A.G. Aranda b José G. Nery *~

2 Departamento de Fisica, Instituto de Biociéncias, Letras e Ciencias Exatas-UNESP — Universidade Estadual Paulista, Campus de Sao José do Rio Preto,

Sao Paulo, 15054-000, Brazil

b Laboratério Greentec/Escola de Quimica, Universidade Federal do Rio de Janeiro, CEP 21945-970, Rio de Janeiro, RJ, Brazil

ARTICLE INFO

Article history:

Received 17 January 2015
Received in revised form

30 April 2015

Accepted 3 May 2015
Available online 9 May 2015

Keywords:

Zeolite-enzyme interaction
Bioinformatic calculations
Biomass

Biofuels

ABSTRACT

Nanozeolite NaX ion exchanged with different transition metals (Mn?*,Cu?*, Co?*, Zn**, Ni**) was used
as a solid support for the immobilization of the lipases of Thermomyces lanuginosus (TLL) and Rhizomucor
miehei (RML). The nanozeolite—enzyme complexes were used as heterogeneous catalysts for the
transesterification reaction of palm oil to fatty acid ethyl esters (FAEEs). The most relevant results were
obtained with the T. lanuginosus enzyme immobilized on nanozeolitic supports ion exchanged with Ni**.
Although these zeolitic supports were able to immobilize a relatively small amount of the enzyme
(43.7%) in comparison with the other nanozeolitic supports, the FAEE yields obtained with Nano-X/Ni/
0.5 M-TLL complexes were above 94%. These results revealed an unusual synergistic effect between the
T. lanuginosus enzyme and the nickel ion-exchanged nanozeolitic support; this effect was not observed
for the complexes prepared with the R. miehei enzyme. Bioinformatics calculations were performed for
both enzymes by taking into consideration the crystallographic structures of the enzymes and the zeta
potential of the surface of the nanozeolitic supports. By combining calculations of the protein electro-
static potential surface and normal mode analyses in a model, we were able to propose an explanation
for the synergistic effect between the lipases and the nanozeolitic supports. The synergistic effect could
be explained through an allosteric mechanism describing the interaction between aspartic acid residues
102 and 158 of the T. lanuginosus lipase and the positively charged zeolitic support surface. This inter-
action results in the stabilization of the opening of the enzyme lid and leaves its catalytic triad
permanently exposed to the reaction medium.

© 2015 Elsevier Inc. All rights reserved.

1. Introduction

triacylglycerides to fatty acid methyl or ethyl esters (FAME or FAEE)
in comparison with the other conventional chemical catalysts

Biodiesel is a biodegradable and renewable form of energy
consisting of alkyl ester fatty acids. It can be produced through the
transesterification of vegetable oils or animal fats with short alco-
hols, such as methanol and ethanol, in the presence of a catalyst
[1—3]. The transesterification reaction can be catalyzed by homo-
geneous or heterogeneous acid or by base catalysts and enzymes
[4—7]. Lipases are an attractive alternative for biodiesel production
due to their high specificity for the transesterification of
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employed in industrial biodiesel production. The main advantages
of lipases include their ability to utilize all of the mono-, di-, tri-
glycerides and the free fatty acids in the transesterification reaction,
the high activity and yields they achieve in non-aqueous media,
carrying out the reactions at a low temperature in a short period of
time and showing considerable alcohol resistance [8—12]. Despite
all of these advantages, some of the main stumbling blocks pre-
venting increased use of enzymes at the industrial scale for bio-
diesel production are their expensive cost, difficulties in their
separation and reuse after the reaction, and the possible deactiva-
tion of their active sites by glycerol, which is a subproduct of the
transesterification of triacylglycerides into FAEEs [13].
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One possible way to overcome these obstacles is through
immobilization of the enzymes on solid organic or inorganic car-
riers [14]. Among a plethora of inorganic solid supports available
for enzyme immobilization, micrometric zeolites with different
framework structures have been systematically studied and
explored as carriers [15—19].

Although there have been numerous studies reporting the
immobilization of enzymes on micrometric zeolites for different
purposes [16—20], the use of nanometric zeolites as a solid sup-
ports for enzyme and protein immobilization has steadily
attracted the attention of the researchers from different fields. In
principle, the reduction of the size of zeolite particles from the
micrometer to the nanometer scale can lead to substantial
changes in their physicochemical properties, such as increasing
their external surface area, allowing better access to and exposure
of their active sites, high dispersibility in both aqueous and
organic solutions and easy adjustment of their tunable surface
properties, especially regarding the surface charge and hydro-
philicity/hydrophobicity properties [20]. These properties,
together with the typical high adsorption capacity and facile self-
assembly character of nanozeolites, create a friendly microenvi-
ronment for enzyme and protein immobilization, therefore
making of them promising materials for use in proteomics
research on the assembly of microchip reactors for effective
protein digestion [21], on the construction of glucose biosensors
for clinical indication of diabetes [22,23] and on their use as
chromatographic carriers in the adsorption and purification of
proteins [24].

Although nanozeolites have been studied as solid supports for
enzyme and protein immobilization for all of the previously cited
applications, a careful survey of the literature shows that the po-
tential of these materials as suitable solid carriers for enzyme
immobilization with the aim of biofuel production has not
attracted the attention of researchers working in this field. One
possible explanation for this lack of interest could be that nano-
zeolites can not be directly employed in a conventional industrial
biodiesel plant without raising practical questions regarding the
difficulties of the separation of the products and the biocatalysts.
Although this is a legitimate and practical concern from an in-
dustrial perspective, from the scientific point of view, the study of
the interactions between nanozeolitic supports and fungal lipases
could, in principle, shed light on some important questions. For
example, a) does the nature of the extra-framework cations of
nanozeolites influence the enzymatic activity of the immobilized
enzyme on the zeolitic support? b) Does the nanozeolite—enzyme
surface interaction induce any synergetic effect on the trans-
esterification reaction of triacylglycerides into FAEEs? c) Do the
crystallographic structure and amino acid sequence of the lipases
play a role in the final conformation and stabilization of the
immobilized enzyme on the zeolitic support, and how will they
affect the catalytic sites of the immobilized enzyme? To answer
these questions, systematic analyses of nanozeolite synthesis and
enzyme immobilization, catalytic analyses and bioinformatic cal-
culations were performed. Nanozeolite NaX was chosen for use in
this study because it can be synthesized via conventional hydro-
thermal methods, without the addition of organic templates or
structure-directing agents (SDAs), which makes it a more efficient
and economical process [25,26].

Herein, we report the experimental results of our study
employing the lipases of Thermomyces lanuginosus (TLL) and Rhi-
zomucor miehei (RML) immobilized on nanosized NaX zeolite (FAU)
ion exchanged with Mn?*, Cu?*, Co?*, Zn?*, Ni%*, in addition to the
catalytic performance of these nanozeolite—enzyme complexes in
the transesterification reaction of palm oil to FAEEs using ethanol as
a solvent.

2. Experimental section
2.1. Materials

Refined palm oil containing 0.5 wt% free fatty acid and 1% water
was obtained from Campestre Oil Company (Sao Bernardo do Campo
city, Sao Paulo State, Brazil). Ethanol (99.8%), 4-nitrophenylpalmitate,
gum arabic, Triton X-100, isopropyl alcohol, inorganic salts, the
organic basis purchased from Sigma Aldrich and used as received
without further purification. The enzymes employed in this work
were PALATASE 20,000 L from R. miehei lipase and LIPOLASE 100 L
from T. lanuginosus lipase and were also purchased from Sigma-
—Aldrich. These enzymes are purified 1,3-specific lipases (EC 3.1.1.3)
and are industrially produced through the submerged fermentation
of a genetically modified Aspergillus oryzae [27].

2.2. Nanozeolite synthesis

High aluminum content, nanometer-sized NaX zeolite was syn-
thesized through hydrothermal crystallization in a temperature-
controlled shaker following a procedure reported in the literature
[25,26]. In a typical synthesis procedure, aluminosilicate gel was
prepared by mixing together freshly prepared aluminate and silicate
solutions at molar ratio of 5.5 Nay0:1.0 Al;03:4.0 Si0,:190 H;0. An
aluminosilicate gel containing 5.34 g of NaOH, 2.42 g of NaAlO,,
3.43 g of Si0y, and 50.0 g of H,0 was generally used. Fumed silica was
chosen as the silicate source and was directly mixed with a freshly
prepared aluminate solution at room temperature, then immediately
transferred to the temperature-controlled shaker. Hydrothermal
crystallization was performed for 2 days at 60 °C, with a shaker
rotation rate of 250 rpm. The powder product was recovered via
centrifugation, washed with DI until achieving a pH < 8, and then
dried at room temperature for 24 h. This sample was referred to as
Nano-X/Na nanozeolite.

2.3. Ion exchange for the nanozeolitic supports

Prior to enzyme immobilization, the obtained Nano-X/Na was
subjected to ion exchange experiments to replace the sodium cations
with metal transition cations. Two different sets of ion exchange
experiments were performed. The first was carried out according to
the following conditions: 1 g of Nano-NaX was added to several
Teflon lined digestion reactors (Parr Instruments) and to each of
these reactors, 30 mL of solutions MnSO4 (0.1 M), CuSO4 (0.1 M),
CoS04 (0.1 M), ZnSO4 (0.1 M), and NiSO4 (0.1 M) was added sepa-
rately. The ion exchange reactions were maintained at 60 °C for 16 h,
after which the products were centrifuged, and the solid products
were washed with distilled water three times and dried at room
temperature. These ion-exchanged derivatives were designated
Nano-X/Mn/0.1 M, Nano-X/Cu/0.1 M, Nano-X/Co/0.1 M, Nano-X/Zn/
0.1 M and Nano-X/Ni/0.1 M, respectively. The second ion exchange
procedure was similar to the first one, except regarding the con-
centration of the salt solutions, which was 0.5 M, and the tempera-
ture and time of the reactions, which were carried out at 60 °C for
72 h. After the reactions, all of the samples were centrifuged, and the
solid samples were washed three times with distilled water and
dried at room temperature. These ion-exchanged derivatives were
designated Nano-X/Mn/0.5 M, Nano-X/Cu/0.5 M, Nano-X/Co/0.5 M,
Nano-X/Zn/0.5 M and Nano-X/Ni/0.5 M.

2.4. Lipase immobilization on the ion-exchanged nanozeolitic
supports

Lipase (PALATASE 20000 L from R. miehei lipase (RML), molec-
ular weight 31,600 Da, pl 3.8) and Lipolase 100 L (from
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T. lanuginosus lipase (TLL), molecular weight 30 KDa, pl 4.4) were
immobilized on the nanozeolitic ion-exchanged derivatives with
Mn?* (Nano-X/Mn/0.1 M, Nano-X/Mn/0.5 M), Cu?** (Nano-X/Cu/
0.1 M, Nano-X/Cu/0.5 M), Co®t (Nano-X/Co/0.1 M,Nano-X/Co/
0.5 M), Zn®>* (Nano-X/Zn/0.1 M, Nano-X/Zn/0.5 M) and Ni?>* (Nano-
X/Ni/0.1 M, Nano-X/Ni/0.5 M). The enzyme immobilization proce-
dure was adapted and optimized from the literature [28,29]. The
initial concentration of the enzymes and amount of the ion-
exchanged nanozeolites before immobilization were 2 mg mL™!
of enzyme for each 200 mg of nanozeolite. The enzymes and
nanozeolites were mixed in 5 mL of 0.3 M phosphate buffer pH 7
and stirred at 600 rpm for 16 h at room temperature. The nano-
zeolite—enzyme complexes were separated via centrifugation at
13,400 g, washed twice with de-ionized water, dried at 25 °C
overnight, and then stored at 4 °C for 2 days before being used in
the transesterification reaction. The amount of the immobilized
enzymes adsorbed on the zeolitic matrixes, Pg (mg/g), was deter-
mined according to the method described by Bradford [30], which
uses bovine serum albumin as a standard, and were calculated
according to Eq. (1):

o C()VO — Cfo
P =0T (1)
where (p is the initial protein concentration (mg/mL); Cr is the
protein concentration in the filtrate (mg/mL); Vp is the initial vol-
ume of the lipase solution (mL); Vfis the volume of the filtrate (mL);
and w is the weight of the zeolitic support used (g) [28].

The nanozeolite—enzyme complexes were named according to
the nomenclature of their previous ion-exchanged derivatives and
the specific immobilized enzyme. Therefore, the nano-
zeolite—enzyme complexes derived from R. miehei lipase were
designated Nano-X/Mn/0.1 M-RML, Nano-X/Mn/0.5 M-RML, Nano-
X/Cu/0.1 M-RML, Nano-X/Cu/0.5 M-RML, Nano-X/Co/0.1 M-RML,
Nano-X/Co/0.5 M-RML, Nano-X/Zn/0.1 M-RML, Nano-X/Zn/0.5 M-
RML, Nano-X/Ni/0.1 M-RML and Nano-X/Ni/0.5 M-RML.

The nanozeolite—enzyme  complexes derived from
T. lanuginosus lipase were designated Nano-X/Mn/0.1 M-TLL, Nano-
X/Mn/0.5 M-TLL, Nano-X/Cu/0.1 M-TLL, Nano-X/Cu/0.5 M-TLL,
Nano-X/Co/0.1 M-TLL, Nano-X/Co/0.5 M-TLL, Nano-X/Zn/0.1 M-TLL,
Nano-X/Zn/0.5 M-TLL, Nano-X/Ni/0.1 M-TLL and Nano-X/Ni/0.5 M-
TLL.

2.5. Determination of the enzymatic hydrolytic activities of the free
and immobilized enzymes

2.5.1. Enzymatic hydrolytic activities of the free enzymes measured
via the spectrophotometric method

The enzymatic hydrolytic activities of the free lipases were
determined through spectrophotometric analysis according to the
method developed by Winkler and Stuckmann [31] and updated by
other researchers [32,33]. The method consists of measuring the
micromoles of 4-nitrophenol released via the hydrolysis of p-4-
nitrophenyl palmitate (p-NPP). The first step of this assay is the
preparation of the substrate, which was obtained according to the
following method: a stock solution of p-NPP (3 mg/mL) was pre-
pared using an HPLC grade isopropyl alcohol (solution A). Another
solution (solution B) composed of gum Arabic (0.5%) and Triton X-
100 (2%) diluted in phosphate buffer (pH 7, 0.05 M) was prepared,
and then 1 mL of solution A was added to 9 mL of solution B. This
final solution was the substrate. Finally, the enzymatic hydrolytic
activities of the free enzymes were measured according to the
following procedure: 100 pL of free enzyme diluted in phosphate
buffer was added to 900 pL of the substrate solution, and the
mixture was then incubated for 1 min at 37 °C. The quantity of 4-

nitrophenol released was determined photometrically (410 nm),
and the assays were performed in triplicate. One unit of lipase ac-
tivity was defined as the amount of enzyme required to
obtain1 umol of 4-nitrophenol released from 4-NPP per minute
under the assay conditions. The enzymatic hydrolytic activities of
the free enzymes, U, were calculated according to Eq. (2).

N AbS*Vt 2103 ) %
o ([ @

U = Unit of enzyme activity expressed as U/mL, where one unit
of activity is defined as the release of 1 umol p-nitrophenol from
p-NPP/mL min under the assay conditions;

Abs = Absorbance of the sample at 410 nm;

V; = Total volume of the reaction (mL);

Ve = Volume of the enzyme solution (mL);

¢ = Coefficient of molar extinction (L mol~! cm™1);

T = Incubation time;

103 = Factor correction for the coefficient (e);

D = Sample dilution, if necessary.

2.5.2. Enzymatic hydrolytic activities of the immobilized enzymes
measured via the titrimetric method

The enzymatic hydrolytic activities of the nanozeolite—enzyme
complexes were measured using the titrimetric method following
the experimental procedures described in the ACS Specifications
[34] and in the Sigma Standard tests employed in the enzymatic
assay for lipase (EC 3.1.1.3), with slight modifications [35—37]. In a
typical assay, a mixture composed of 20 mM of phosphate buffer,
gum arabic (1% w/v) and the substrate (soybean oil) 1:1 (v/v) was
brought up to a total volume of 10 mL. The reaction was thoroughly
mixed and equilibrated at 37 °C, and 30 mg of a nano-
zeolite—enzyme complex was added after being incubated at the
same temperature. The reaction was left at 37 °C for exactly 30 min
and quenched by adding 3 mL of 95% ethanol, then cooled to minus
4 °C using an ice/ethanol bath. The solution was centrifuged at
13,400 g to separate the solids and the fatty acids in the superna-
tants released from the oil substrate during enzymatic hydrolysis.
The fatty acids were immediately titrated to neutralization with
50 mM NaOH in the presence of thymolphthalein as an indicator.
Blank solutions for each of the nanozeolitic supports were prepared
following the same experimental procedure, but in the absence of
the enzymes.

One unit of lipase activity was expressed as micro equivalents of
fatty acid released from triglyceride in 1 h at 37 °C and calculated
according to Eq. (3).

(NaOH)(Molarity of NaOH)(1000)(2)
mg solid

Units/mg solid = (3)

NaOH = Volume (in milliliters)

1000 = Conversion factor from milli equivalents to micro
equivalents

2 = Time conversion factor from 30 min to 1 h (Unit Definition)
mg solid = Mass (in milligrams) of the nanozeolite—enzyme
complexes used.

2.6. Physicochemical characterization of the nanozeolites and
nanozeolite—enzyme complexes

The materials prepared in the previous sections were charac-
terized via XRD, SEM. XRD data were collected with a Rigaku
MiniFlex II (Tokyo, Japan) on a rotating anode source with a flat-
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plate Bragg—Brentano geometry, operating with Cu Ko radiation
(wavelength = 1.5418 A) at 40 kV and 40 mA, and equipped with a
graphite monochromator. The powder diffraction patterns were
recorded in the range of 20, = 3—50° with a goniometer at a rate of
2° (20) min~!. SEM images were recorded using a XL30 FEG in-
strument, and before the analysis, a thin coating of gold was
deposited onto the samples. Nitrogen isotherms at T 77 K were
determined using a volumetric adsorption apparatus (Micro-
merities, ASAP 2010). Prior to the measurements, all samples were
degassed at 200 °C until the pressure was less than 1 Pa and the
degassing rate was less than 1 Pa min~. The surface area was
estimated using the BET method, and the pore distribution was
determined using a cylindrical pore geometry model. Elemental
chemical analyses of Si, Al, Na, Mn, Cu, Co, Zn, and Ni in the
nanozeolitic supports were performed via inductively coupled
plasma atomic emission spectroscopy (ICP-AES, Chemical Analysis
Labs-Sao Paulo University Facilities-USP). HR-TEM data were ob-
tained from powdered glasses suspended in ethanol and deposited
on grids using an FEI Model Tecnai G2 F20 (200 kV) microscope
equipped with a field emission gun. AFM experiments were per-
formed at the Brazilian National Laboratory of Nanotecnology
(LNNano-Campinas). The data were collected using a Dimension
3000 scanning probe microscope (SPM) equipped with a Nano-
Scopellla SMP controller (digital Instruments Inc.). Tapping mode
AFM images were acquired in ambient air using TESP tapping mode
etched silicon probes. The XPS analysis was carried out at a pressure
of less than 5 x 1077 Pa using a commercial spectrometer (UNI-
SPECS UHV System). The Mg K. line was used (hu = 1253.6 eV) and
the analyzer pass energy was set to 10 eV. The inelastic background
of the C 1s, O 1s, Si 1p, Al 2p, S 2p and Ni 2p3/2 electron core-level
spectra was subtracted via Shirley's method. The composition (at.%)
of the near-surface region was determined with an accuracy of
+10% from the ratio of the relative peak areas corrected by Sco-
field's sensitivity factors for the corresponding elements. The
binding energy scales of the spectra were corrected using the C 1s
hydrocarbon component of the fixed value of 285.0 eV. The spectra
were fitted without placing constraints using multiple Voigt pro-
files. The width at half maximum (FWHM) varied between 1.2 and
2.1 eV, and the accuracy of the peak positions was +0.1 eV.

2.7. Syntheses of FAEEs

The transesterification reactions of palm oil to biodiesel were
performed with three different catalyst groups: free enzymes; pure
nanozeolites (Nano-X/Cu/0.5 M, Nano-X/Mn/0.5 M, Nano-X/Co/
0.5 M, Nano-X/Zn/0.5 M and Nano-X/Ni/0.5 M); and the nano-
zeolite—enzyme complexes derived from the R. miehei enzyme
(Nano-X/Mn/0.5 M-RML, Nano-X/Cu/0.5 M-RML, Nano-X/Co/
0.5 M-RML, Nano-X/Zn/0.5 M-RML, Nano-X/Ni/0.5 M-RML) and the
nanozeolite—enzyme complexes derived from the T. lanuginosus
enzyme (Nano-X/Mn/0.5 M-TLL, Nano-X/Cu/0.5 M-TLL, Nano-X/Co/
0.5 M-TLL, Nano-X/Zn/0.5 M-TLL, Nano-X/Ni/0.5 M-TLL).

Several experiments were performed to determine appropriate
reactions conditions to allow comparison between the three cata-
lyst groups.

The catalytic enzymatic activities of the R. miehei and
T. lanuginosus lipases immobilized on the zeolitic supports obtained
from the ion exchange experiments with 0.1 M solutions were quite
low (see Section 2.5.2), and consequently, these nano-
zeolite—enzyme complexes were not tested in the trans-
esterification reactions.

Transesterification reactions catalyzed by the free enzymes and
the nanozeolite—enzyme complexes were performed with an oil:
ethanol ratio of 1:4 at 40 °C. The total amount of ethanol was
equally divided and added in a stepwise fashion to the reaction over

four different time intervals (time: 0, 3, 6 and 24 h) in order to
preclude the inactivation of the catalysts. After a reaction time of
48 h, the product (biodiesel) and sub-product (glycerol) were
separated via centrifugation at 13,400 g. The progress of the
transesterification reactions was followed via thin layer chroma-
tography (TLC) according to a procedure described by Yang et al.
[38]. At predetermined time intervals, a small volume (100 pL) of
the reaction mixture was collected and mixed with 500 pL of
hexane for 2 min. After separation via centrifugation, 3 uL of the
upper layer was applied to a silica gel plate. A solution of hexane/
ethyl acetate/acetic acid (90:10:1) was used as a developing sol-
vent, and iodine was used as a color reagent.

2.8. Gas chromatography

Chromatographic analyses were performed with a PerkinElmer
Clarus580 Gas Chromatograph equipped with a flame ionization
detector (GC-FID). The chromatograph was configured with an
injector in split mode coupled to an auto-sampler for liquid sam-
ples. The chromatographic conditions employed in the quantifica-
tion of fatty acid esters according to EN 14103 were as follows:
sample injection volume = 1 mL, split = 1:20, injector and detector
temperature = 250 °C, isothermal oven temperature = 210 °C,
pressure of helium carrier gas = 83 kPa due to using the “split”
mode and adjustment to clearly visualize the peak of the ethyl
standard C24:1. The capillary column employed was a Restek-Car-
bowax, 30 m long, with a 0.25 mm internal diameter and a 0.25 mm
stationary phase thickness.

2.8.1. Quantification of ester contents

The quantification of FAEE content was performed in triplicate
according to EN 14103. The quantification of fatty ethyl esters in the
samples was performed as follows: 20 mg/mL stock solutions of the
ethyl myristate (C14:0) and ethyl nervonate (C24:1) standards were
prepared, whereas the ethylic nonadecanoate standard was pre-
pared in a 10 mg/mL stock solution. The ethyl ester standards C14:0
and C24:1 were used to identify the range of integration. In addi-
tion, an ethylic ester (C19:0) was used as the internal standard (IS).
The ester contents were obtained by integrating the peak areas
ranging from C14:0 to C24:0 and subtracting the nonadecanoate
area, as shown in Eq. (4):

c=xAAs, Gs—Vis 100y (4)
AIS m

where:

S"A = sum of the areas of all peaks ranging from C14:0 and
C24:0

AIS = C19:0 IS area

CIS = concentration (mg/mL) of the C19:0 solution

VIS = volume of the C19:0 solution added to sample

m = mass of the sample (mg).

2.9. Electrostatic potential surface

Electrostatics area major component of protein-zeolite in-
teractions. Therefore, it is necessary to check for charge comple-
mentarities that show evidence of possible binding sites. To
calculate the electrostatic potential surface of the T. lanuginosus and
R. miehei lipases, the PDB2PQR server 1.8 [39] was used to obtain
their atomic charges and radii, as shown in the Amber force field
[40]. APBS software (Adaptive Poisson—Boltzmann Solver, version
1.3) [41] was employed to solve the Poisson—Boltzmann equation
based on the PQR file previously generated. The proteins were
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centered in a cubic box, and the single Debye Huckel boundary
condition was applied. Positive and negative mobile ions were
placed in a concentration of 10.0 mM. The protein and solvent
dielectric constants were set to 2.00 and 78.54, respectively. A
radius probe of 1.4 A and temperature of 298.15 K were chosen. The
results were loaded into PyMol Version 1.5.0.4 (Schrodinger, LLC.)
for visualization purposes [42].

2.9.1. Lipase normal mode analysis

Due to the lack of an unified force field for describing the total
protein-zeolite complex interaction, it was decided to carry out the
simulations using the protein dynamics and actions related to the
lid opening of the enzyme catalytic sites. Normal mode analysis has
been successfully applied to gain insight into the dynamics of
proteins and their functions [43]. Lipase activation is related to
enzyme lid opening, which, in turn, exposes the catalytic triad Ser-
146, Asp-201 and His-256 to the substrate.

In this study, the intrinsic dynamics of proteins were studied by
associating spring-like constants with each chemical bond in the
protein, using the parameters from the Amber force field.

To this end, normal mode analysis using the vibrate command in
the TINKER Molecular Modeling package was carried out [44]. Prior
to normal mode analysis, minimization protein structure energy
was performed using the minimize module of TINKER software. The
energy convergence criterion was set to 0.1 kcal/mol. The first 15
normal modes representing the lowest vibration frequencies of the
protein structure were selected for further analyses.

3. Results and discussion

Analyses of the XRD patterns (Figs. 1-3) of the synthesized
Nano-X/Na sample and its ion-exchanged derivatives obtained
under different ion exchange conditions revealed how sensitive
and flexible the Nano-X/Na framework is to the cation dominant
medium, ion concentration and temperature condition parameters.

In the case of the ion-exchanged derivatives Nano-X/Mn/0.1 M,
Nano-X/Cu/0.1 M, Nano-X/Co/0.1 M, Nano-X/Zn/0.1 M and Nano-X/
Ni/0.1 M, most of the original Bragg reflections originally present in
the synthesized Nano-X/Na remained (Fig. 1). On the other hand,
the ion-exchanged derivates Nano-X/Cu/0.5 M, Nano-X/Co/0.5 M,
Nano-X/Zn/0.5 M and Nano-X/Ni/0.5 M underwent drastic changes
in their crystallographic structures (Fig. 2). The only exception was
observed for the Nano-X/Mn/0.5 M ion-exchanged derivates, which
retained the original Bragg reflections originally present in Nano-X/
Na. In addition to the absence of the original Bragg reflections, it
was observed that the Nano-X/Co/0.5 M, Nano-X/Zn/0.5 M and
Nano-X/Ni/0.5 M ion-exchanged derivates showed broad, low-
intensity Bragg reflections, providing evidence of the small size of
their crystals, and SEM data confirmed this observation (Fig. 4). The
chemical compositions of the obtained Nano-X/Na and the ion-
exchanged derivatives Nano-X/Mn/0.5 M, Nano-X/Cu/0.5 M,
Nano-X/Co/0.5 M, Nano-X/Zn/0.5 M and Nano-X/Ni/0.5 M were
determined via ICP-AES and are displayed in Table 1. It is evident
from the data from the ion exchange experiments for the system
under investigation that some cations can promote different de-
grees of amorphization of the synthesized Nano-X, whereas other
cations can promote the crystallization of new structures. In the
case of Nano-X/Mn/0.5 M, Nano-X/Co/0.5 M, and Nano-X/Ni/0.5 M,
the degree of amorphization differed from one sample to another
(Fig. 2). Nevertheless, some of the original Bragg reflections typical
of the Na-X zeolite were retained. The same findings were not
obtained for Nano-X/Zn/0.5 M, whose degree of amorphization was
more severe compared with the other ion-exchanged derivatives
(Fig. 2). Attempts to identify this material using the x-ray powder
diffraction database JCPDS were unsuccessful. This loss of
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Fig. 1. XRD patterns of the Nano-X (Na) ion exchanged with Mn, Cu, Co, Zn, Ni at 0.1 M
concentration/16 h.

crystallinity can be attributed to two causes: (i) a lower Si/Al ratio of
the zeolite framework, which in turn, causes lower chemical sta-
bility (1.0 < Si/Al < 1.5 for zeolite X) (the Si/Al determined through
ICP-AES for the obtained Nano-X was calculated to be 1.59, see
Table 1); and (ii) the pH of the Cu®>* (pH ~4.3), Mn?* (pH ~6.2), Co**
(pH ~4.6), Zn** (pH ~6.1) and Ni** (pH ~6.7) ion exchange solution
media likely caused amorphization of the zeolitic framework
[45—49].

On the other hand, it is worth noting that the Nano-X/Na ion
exchanged with Cu®" shifted from a Faujasite topology (FAU) to a
Gismondine topology (GIS) [50], showing that under these ion
exchange or synthesis conditions, Cu** can act as a structure-
directing agent, as it was able to direct the transformation of
Nano-X/Na (FAU) into micrometric cupric enriched gismondine
zeolite (GIS) (Fig. 2). The role of organic cations that can act as SDAs
has been well discussed in the literature through excellent reviews
[51-55]. However, the role of inorganic cations acting as promoters
of new zeolites structures has not been widely discussed or re-
ported in the literature. Barrer [56] and Flanigen [57] have reported
the role of sodium ions (Na™) in the formation of the several zeolitic
subunits, such as double four rings (D4R) and double six rings
(D6R), in the syntheses and stabilization of gmelinite and sodalite
structures, whereas other species, such as Rb*, K*, and Ba**, have
been found to be responsible for directing the formation and sta-
bilization of cancrinite. Barrer [51] were also able to prepare syn-
thetic counterparts of the natural zeolites heulandites (HEU),
yugawaralite (WG), and harmotone (PHI) using Sr**, Ba®*, and
Ca", respectively, as structure-directing agents. Davis and Lobo
[52] proposed the use of different cations, rather than alkali-metal
ions, as structure-directing agents in zeolite synthesis, but experi-
mental evidence of the role of Cu?>* acting as a structure-directing
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Fig. 2. XRD patterns of the Nano-X (Na) ion exchanged with Mn, Cu, Co, Zn, Ni at 0.5 M
concentration/72 h/60 °C.

agent has not yet been reported in the literature to the best of our
knowledge. To gain a better understanding of the role of Cu®" in
this particular system, several experiments with varying reaction
times were performed, and the results are shown in Fig. 3. It can be
observed that after 16 h, the original crystallographic structure had
completely collapsed, and only two diffraction peaks from the
original structure remained, located at 20 = 10° and 35°, respec-
tively (Fig. 3). After 24 h, there were 7 new Bragg reflections,
located at 20 = 17°,19°, 25°, 34°, 36°, and 42°, and 48 h later, this
structure had evolved into a more crystalline and stable one (Fig. 3).
It is important to note that this facility in promoting crystallization
from one structure to another was observed only for the cation
Cu®* in this system.

Figs. 4 and 5 show the SEM and TEM data, respectively, collected
for the synthesized Nano-X/Na and its ion-exchanged derivatives
Nano-X/Mn/0.5 M, Nano-X/Cu/0.5 M, Nano-X/Co/0.5 M, Nano-X/
Zn/0.5 M and Nano-X/Ni/0.5 M. The typical morphology and par-
ticle size of the synthesized Nano-X/Na (Fig. 4a) and its ion-
exchange derivatives (Figs. 4b, d—f, respectively) were within the
range of 20—100 nm and in accordance with the data reported by
Zhan et al. [25,26]. The only exception was the SEM data obtained
for Nano-X/Cu/0.5 M (Fig. 4c), whose particles size was within the
range of 2 microns. The SEM data for the Nano-X/Cu/0.5 M sample
were in agreement with the XRD data for this sample, which clearly
indicated the formation of micrometric gismondine zeolites (Fig. 3).
Low magnification TEM images of the synthesized Nano-X/Na
(Fig. 5a) and Nano-X/Mn/0.5 M (Fig. 5b) revealed large nano-
particle aggregates of approximately 250 nm, whereas Nano-X/Co/
0.5 M (Fig. 5d) and Nano-X/Zn/0.5 M (Fig. 5e) were formed from
needle aggregates of approximately 500 nm. On the other hand,
high magnification TEM data for Nano-X/Ni/0.5 M (Fig. 5f) showed
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Fig. 3. XRD patterns of the zeolitic materials formed as Cu®* acting as structure
directing agents.

nanoparticles of approximately 20 nm (the whiter contrast)
dispersed on the surface of the Nano-X/Ni/0.5 M sample, and EDX
data have confirmed that these particle aggregates were nickel
nanoparticles. In general, most methods reported in the literature
producing Ni nanoparticles involve electrochemical reduction
[58—60], chemical reduction [61—64], sol—gel [65], metal evapo-
ration [64] and the use of organometallic precursors [64,66] and
employ ion exchange and impregnation methods [67]. Neverthe-
less, it is clear from our experimental data set that the ion exchange
treatment of the synthesized Nano-X/Na zeolite with nickel
induced the formation of these nickel aggregates. The formation of
these nickel nanometric aggregates was reproducible, and XPS
analyses were carried out for these samples. XPS is a nondestruc-
tive method of investigation that allows the determination of the
oxidation states of nickel species located on the zeolitic surface
based on binding energies (BEs) and their related chemical shifts in
the XPS spectra. Analyses of Ni 2p3; XPS spectra reported in the
literature systematically assigned BEs of 852.6, 854.6 and 856.1 eV
toNi®, Ni>* and Ni*in oxidized Ni, hydroxides and oxyhydroxides,
respectively [68]. The global Ni 2p3/ XPS spectra of the Nano-X/Ni/
0.5 M sample is shown in Fig.6. The XPS spectra were fitted using
the XPS chemical shifts of the following phases: NiO (854.0 eV),
Ni(OH), (856.1 eV), and Ni»03 (587 eV). The satellite structures of
these phases were also taken into account for the spectrum fitting:
NiO and Ni(OH),(Ni I, 858,7 eV), NipO3(Ni III, 862.4 and 864.4 eV).
The preliminary analyses of the XPS data revealed that the chemical
composition of Nano-X/Ni/0.5 M is complex, and it is possible that
both Ni2* and Ni3* species coexist in the Nano-X/Ni/0.5 M sample.
It is plausible that these nanometric nickel species might have
played an important role in the synergistic behavior observed be-
tween T. lanuginosus and the Nano-X/Ni/0.5 M support. A more
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Fig. 4. SEM data for the samples Nano-X/Na (a), Nano-X/0.5 M/Mn(b), Nano-X/Cu 0.5 M (c), Nano-X/Co/0.5 M (d), Nano-X/Zn/0.5 M (e), Nano-X/Ni/0.5 M (f).

Table 1

Chemical compositions of the nanozeolitic supports obtained by ICP-AES.
Sample SiO3 (%) Aly03 (%) Nay0 (%) CuO (%) MnO (%) CoO (%) ZnO (%) NiO (%)
Nano-X/Na 33.23 20.84 13.97 — — - - -
Nano-X/Cu/0.5 M 23.34 14.92 0.08 26.65 — — — —
Nano-X/Mn/0.5 M 31.14 20.24 1.92 - 14.68 - - -
Nano-X/Co/0.5 M 28.29 18.47 0.72 — - 18.01 — —
Nano-X/Zn/0.5 M 27.25 18.18 1.81 — — — 22.56 —
Nano-X/Ni/0.5 M 18.23 12.83 0.12 - - — - 14.88

detailed characterization of these particle aggregates using more
appropriate spectroscopic techniques, such as EXAFS, will be per-
formed in the upcoming months [69].

AFM data were also collected for Nano-X/Ni/0.5 M and Nano-X/
Ni/TLL (Fig. 7) because the best catalytic results were obtained with
these nanozeolite—enzyme complexes. The AFM data clearly indi-
cated a difference in topography between Nano-X/Ni/0.5 M (Fig. 7a
and b) and Nano-X/Ni/0.5 M-TLL (Fig. 7c and d). In the case of Nano-
X/Ni/0.5 M there were the formation of nanometric aggregates in
the 250—500 nm range (Fig. 7b), while the AFM images of the
Nano-X/Ni/0.5 M-TLL have revealed the formation of smaller
nanometric aggregates around 100—150 nm (Fig.7c), and it was also
observed different values of roughness for Nano-X/Ni/0.5 M
(13.47 nm) and Nano-X/Ni/0.5 M-TLL (2.87 nm).

The specific surface area and external surface area of Nano-X/Na
and its ion-exchanged derivatives were calculated based on t-plot
analysis of the N, adsorption isotherms and are displayed in Fig. 8.
Table 1 provides the external surface area, the N, adsorption of all
of the nanozeolites, the amount of the lipases immobilized on the
zeolitic supports and their enzymatic activity after immobilization.

It can be observed from the data displayed in Table 2 that there
is no straightforward correlation between the external surface area
of the nanozeolites, the amount of immobilized enzyme and
enzymatic activity. For instance, Nano-X/Na (114.61 m?/g) immo-
bilized similar amounts of the enzymes from R. miehei (20.6%) and
T. lanuginosus (18.3%). However, this behavior changed dramatically
for the synthesized Nano-X/Na ion-exchanged derivatives. Nano-X/
Mn/0.5 M (94.5 m?/g) immobilized a greater amount of the
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Fig. 5. TEM data for the samples Nano-X/Na (a), Nano-X/Mn/0.5 M(b), Nano-X/Cu/0.5 M (c), Nano-X/Co0/0.5 M (d), Nano-X/Zn/0.5 M (e), Nano-X/Ni/0.5 M (f).

T. lanuginosus enzyme (77.5%) in comparison with the amount of
immobilized R. miehei (29.1%) enzyme. Nano-X/Zn/0.5 M has an
external surface area (320.1 m?/g) that is three-fold larger than that
of Nano-X/Mn/0.5 M (94.5 m?/g), but it immobilized a similar
amount of the T. lanuginosus (90.8%) and R. miehei (27.3%) enzymes.
On the other hand, Nano-X/Co/0.5 M (341.4 m?/g) has immobilized
the same amount of both T. lanuginosus (98.5%) and R. miehei
(98.3%) enzymes. Nano-X/Ni/0.5 M (224.4 m?/g) has also immobi-
lized approximately similar amounts of the T. lanuginosus (43.7%)
and R. miehei (49.1%) enzymes. At this point it is reasonable to as-
sume that the adsorption of the enzymes did not occur inside the
intracrystalline porous network of the zeolites, but on the external
surface of the zeolitic supports. According to the X-ray crystallo-
graphic studies T. lanuginosus and R. miehei enzymes are roughly

spherical in shape with sizes of 35 A x 45 A x 50 A [70] and
75 A x 77 A x 55 A [71] respectively and zeolite NaX has a porous
apertures of 7—8 A, therefore it is reasonable to assume that the
enzymes can not penetrate this internal porosity and thus the
adsorption of enzymes is bound to occur only on the external
surface of the zeolitic supports.

The enzymatic activities of the nanozeolitic-enzyme complexes
measured by the trimetric method varied from one nanozeolitic
support to another, as shown in Table 2. Enzymatic activities of the
free enzymes were measured by the p-NPP method. The enzymatic
activities values and also the experimental reasons for using the p-
NPP method for the free enzymes are given in the supplementary
data section. It is quite interesting that the Nano-X/Co/0.5 M sup-
ports, which immobilized the same amount of the T. lanuginosus
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Fig. 6. Global and Ni 2ps/; XPS data for the Nano-X/Ni/0.5 M sample.

(98.5%) and R. miehei (98.3%) enzymes, resulted in distinct enzy-
matic activities for the T. lanuginosus (24.8 U) and R. miehei (5.6U)
enzymes. This behavior was also observed for the Nano-X/Mn/
0.5 M and Nano-X/Zn/0.5 M, supports where higher enzymatic
activities were also observed for the T. lanuginosus enzyme (28.4 U

0.0 Height

Fig. 7. Topography and phase images of AFM data for the Nano-X/Ni/0.5 M (a, b) and, Nano-X/0.5 M/Ni/TLL (c, d).
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Fig. 8. BET data for the nanozeolitic supports.

and 25.2U, respectively). Meanwhile the lowest enzyme activities
were observed for the R. miehei enzyme immobilized on Nano-X/
Mn/0.5 M (6.0 U) and Nano-X/Zn/0.5 M (9.2U).

Taking into consideration the experimental observations that
the lowest enzymatic activities were obtained for the Nano-X/Na
supports (2.4 U) and highest for the Nano-X/Ni/0.5 M supports
(44 U and 51.6 U for R. miehei and T. lanuginosus, respectively), and

3.0um 0.0

Phase 3.0 um
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Table 2

The external surface area, amount of lipases immobilized on the zeolitic supports and their enzymatic activity after immobilization.

Nanozeolite External surface area (m?/g) Enzyme Immobilization (%) Enzymatic activity (U/mg-support)
Nano-X/Na 114.6169 R. miehei 20.6 + 0.9 32
T. lanuginosus 183 + 2.1 24
Nano-X/Cu/0.5 M 443510 R. miehei 378 + 0.5 8.0
T. lanuginosus 68.4 + 4.1 9.6
Nano-X/Mn/0.5 M 94.5293 R. miehei 29.1+04 6.0
T. lanuginosus 775 +0.9 284
Nano-X/Co/0.5 M 341.4066 R. miehei 98.3 + 0.8 5.6
T. lanuginosus 985 + 1.1 248
Nano-X/Zn/0.5 M 320.0833 R. miehei 273 +08 9.2
T. lanuginosus 90.8 + 1.0 25.2
Nano-X/Ni/0.5 M 224.4474 R. miehei 49.1+1.2 440
T. lanuginosus 437 + 1.1 51.6

the other nanozeolitic supports derived from the ion exchange
experiments showed enzymatic activities within the intermediate
range (see Table 2), it is possible to conclude that the nature of the
extra-framework cations plays an important role in the immobili-
zation and activation of the enzymes during the immobilization
process. Nevertheless, the experimental results obtained for the
Nano-X/Ni/0.5 M supports are quite unusual because Ni**cations
were able to activate both the T. lanuginosus (51.6 U) and R. miehei
(44.0 U) enzymes in such a distinct and efficient manner compared
with the other zeolitic supports. There is only one report in the
literature describing similar behavior, which was observed for
micrometric zeolites ion exchanged with Ni** [33]. However, a
comparison of the enzymatic activities reported for micrometric
zeolites with the present experimental data clearly indicated that
this activation is more accentuated or enhanced when immobili-
zation takes place on nickel ion-exchanged nanozeolitic supports.

Systematic catalytic studies examining the transesterification of
palm oil into biodiesel were performed with the obtained nano-
zeolitic supports, nanozeolite—enzyme complexes and with the
free R. miehei and T. lanuginosus enzymes, using an amount
equivalent to the enzyme concentration immobilized on the
nanozeolitic supports. The FAEE yields obtained for all of the syn-
thesized nanozeolitic supports under these catalytic experimental
conditions were less than 5%. The FAEE yields obtained with the

100
] Immobilized enzyme
90 [T Equivalent free enzyme
80 4 o
&
- 2
704 g 7
,\;\ 1 < «@
4 4 - o
2 504
o ]
> 404
=
m ] w
30 . g
20 o
04 3 / .
i . 7
LA 7 é

Nano-X/Na Nano-X/Mn Nano-)Qéu Nano-X/Co Nano-X/Zn Nano-X/Ni

Catalysts

Fig. 9. Transesterification reactions systematic catalytic reactions using the equivalent
amount of enzyme immobilized onto the nanozeolitic supports in its free form and the
FAEEs yields obtained for Rhizomucor miehei lipase.

free and immobilized enzymes are displayed in Figs. 9 and 10,
respectively.

In the specific case of the R. miehei enzyme, it was systematically
observed that the greatest amount of FAEEs was obtained using of
the R. miehei enzyme in its free form in comparison with the
equivalent amount of the enzyme immobilized on the Nano-X/Mn/
0.5 M-RML, Nano-X/Cu/0.5 M-RML, Nano-X/Co/0.5 M-RML, and
Nano-X/Zn/0.5 M-RML nanozeolitic supports (Fig. 9). The only
exception was observed for the Nano-X/Ni/0.5 M-RML complex,
which produced a lightly higher yield of FAEE (73.6%) compared
with the FAEE yield produced by the free enzyme (61.6%).

On the other hand, the T lanuginosus enzyme, in both its
immobilized and free forms, behaved in a completely different
manner (Fig. 10). The FAEE yields produced using the Nano-X/Mn/
0.5 M-TLL, Nano-X/Co/0.5 M-TLL, and Nano-X/Zn/0.5 M-TLL com-
plexes were similar to the FAEE yield obtained using the equivalent
amount of T. lanuginosus in its free form. The only two exceptions
were observed for Nano-X/Cu/0.5 M-TLL and Nano-X/Ni/0.5 M-TLL.
In the case of the Nano-X/Cu/0.5 M-TLL complexes, the FAEE yield
obtained from the complex was lower than yield obtained using the
enzymes in their free forms, providing strong evidence that cupric
cations are strong inhibitors of both enzymes, as has been reported
elsewhere [33].
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The other exception was observed for the Nano-X/Ni/0.5 M-TLL
complexes, which displayed exceptional results, as the FAEE yield
produced by the Nano-X/Ni/0.5 M-TLL complexes (94.3%) was
tenfold higher than the FAEE yield produced by the equivalent
amount of T. lanuginosus enzyme in its free form (9.1%). The
experimental viscosities values obtained for both the palm oil and
biodiesel produced with the Nano-X/Ni/0.5 M-TLL catalysts were
28.72 + 0.37 and 4.97 + 0.03 ¢St respectively. The latter is in
accordance with both the ASTM D6751 and EN14126 biodiesel
standards that establish values in the ranges 1.9—6.0 cSt and
3.0—5.0 cSt, respectively. Although the Nano-X/Ni/0.5 M-TLL com-
plexes immobilized the lowest amount of the T. lanuginosus
enzyme (43.7%), these complexes resulted in the highest enzymatic
activities (51.6 U) in comparison with the other complexes inves-
tigated in this study. The Nano-X/Ni/0.5 M-TLL complexes were also
stable and active after several turnovers. They were able to produce
high yields of FAEEs for 3 cycles, and after 5 cycles, the FAEE yields
remained steady at approximately 60% (Fig. 11). It was evident from
these experimental data that a synergistic effect between the Nano-
X/Ni/0.5 M zeolitic support and the T. lanuginosus enzyme had
occurred, and some relevant questions were raised: What could be
the possible reason for this unusual interaction between the Nano-
X/Ni/0.5 M support and the T. lanuginosus enzyme? Why the syn-
ergistic effect observed for the Nano-X/Ni/0.5 M-TLL complexes
during the transesterification reactions was not detected for the
Nano-X/Ni/0.5 M-RML complexes?

To answer these questions, the bioinformatics approaches
described in Sections 2.9 and 2.9.1 were employed. The objective
was to gain insight into the dynamic behavior of the T. lanuginosus
and R. miehei lipases. The crystallographic structures of both en-
zymes are available at the Protein Data Bank [72] under the IDs
1DT3 (T. lanuginosus) [73] and 3TGL (R. miehei) [74]. Each lipase is
composed of 269 amino acid residues. Structurally, all known li-
pases are very similar. They are composed of an 8-strand beta spine
flanked by coiled regions and by three long alpha helices and eight
other shorter alpha helices (Fig. 12a).

The trypsin-like catalytic triad residues are Ser-146, Asp-201
and His-256, as shown in Fig. 12b. The T. lanuginosus lipase crys-
tallographic structure is available in both its open and closed con-
formations. The closed conformation was chosen to explore the
regions coupled to the opening of the enzyme's lid. The lid is
composed of an alpha helix segment of catalytic residues and a lid
region from Iso-86 to Leu-93 (Fig. 12c). Although the two lipases
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Fig. 11. Turnover for the Nano-X/Ni/0.5 M-TLL complex.

share a total of only 30% (85 amino acid residues) of sequence
similarity (Fig. 12d), the catalytic triad and lid region are totally
conserved between them. The electrostatic potential surface
(Fig. 13) indicates that there is a negatively charged region (red
color, in the web version) present in both enzymes, whereas a
relatively neutral region (white color), with some dispersed, posi-
tively charged sites (blue color, in the web version) is illustrated on
the other side of the lipase structures. Nevertheless, the two en-
zymes exhibit different electrostatic patterns that influence their
enzyme immobilization onto the zeolitic supports. In this case,
these negatively charged regions of the enzymes could be potential
binding sites for the nanozeolites with positively charged surfaces
(see Table 3).

The dashed circles indicate the location of the protein's lids
covering the entry to the catalytic triad, and in both enzymes, the
lid provides a neutral region on the electrostatic potential surface.
Due to the existence of these neutral regions for both enzymes, a
possible enhancement of the catalytic activity promoted by a
nanozeolite—enzyme complex would occur only if an allosteric
mechanism regulating this nanozeolite—enzyme interaction were
taken into consideration. To verify whether such a mechanism
could exist in principle, a bioinformatic approach using normal
mode simulations was applied.

Normal mode analysis (Fig. 14) illustrates the most probable
movement relating the enzyme's negatively charged region and lid
opening for the T. lanuginosus lipase. The negatively charged amino
acid residue Asp-102 lies in the extension of the lid region, with
another aspartic acid residue (Asp-158) being structurally situated
near the aforementioned region (although this amino acid residue
is not a lid extension component), and both amino acid residues are
major contributors to the negative charges in this area. In principle,
the interaction between this specific negative region of the enzyme
and the positively charged zeolite can lead to the stabilization of the
enzyme in its open conformation, consequently leaving the cata-
lytic triad permanently exposed to the solvent.

The displacement of the lid from its initial to its final coordinates
was measured based on the Ca root mean square deviation, which
is a standard method that is usually employed for the comparison
of protein structures. It was found to vary from 1.3 to 2.0 A,
depending on the position of the observed amino acid residue.
According to the proposed mechanism, zeolites with a negative
zeta potential would not interact with the lipase binding site
composed of Asp-102 and Asp-158, thus leading to poor catalytic
activity, as was observed for the Nano-X/Na zeolites (see Table 2).
The allosteric mechanism also explains why the Nano-X/Mn/0.5 M-
TLL, Nano-X/Co/0.5 M-TLL and Nano-X/Zn/0.5 M-TLL complexes
yielded similar amounts of FAEEs to the equivalent amount of the
enzymes in their free form because the enzymes were immobilized
in their open conformation, as predicted by the allosteric model
(see Fig. 10).

Although the Nano-X/Cu/0.5 M nanozeolitic support is posi-
tively charged, as are the other supports, the low FAEE yield
observed for the Nano-X/Cu/0.5 M-TLL complex can be attributed to
the toxicity of copper ions to lipases, as reported in the literature
[33], [75—=77]. This dynamic behavior was not observed for the
R. miehei lipase, as the Nano-X/Mn/0.5 M-RML, Nano-X/Cu/0.5 M-
RML, Nano-X/Co/0.5 M-RML and Nano-X/Zn/0.5 M-RML complexes
yielded lower FAEEs contents than the R. miehei enzyme in its free
form (see Fig. 9). Interestingly, the lipase from R. miehei does not
harbor the key aspartic acid residue at position 102, as shown in the
sequence alignment of the two lipases (Fig. 12d). The lack of this
specific amino acid residue precludes the enzyme from immobi-
lized onto the zeolitic support in its open conformation.

Comparison of the allosteric model proposed in this study with
other models reported in the literature will reveal important
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Fig. 12. Tridimensional structure of lipase from Rhizomucor miehei, displaying an 8 stranded B-spine, linked by coiled regions and «-helices (a). The lid's short a-helix covers the
catalytic site entrance (b). The catalytic triad is composed by Ser-146, Asp-201 and His-258 (c). Amino acid sequence alignment between lipases from T. lanuginosus and R. miehei (d).

differences between them. For instance, Macario et al. [29]
explained lipase—zeolite interactions based on electrostatic in-
teractions and covalent bonding models. According to their model,
the residual amino acid arginine-86, which is located at the edge of
the lipase lid, would play a key role in the immobilization of the
R. miehei lipase. Nevertheless, the proposed model is mainly
speculative, and there are no available experimental or bio-
informatic simulations to support it. Although Herrgard et al. [78]
indicated that arginine-86 was responsible for the stabilization of
the open/closed conformation of the lipase, it is not clear how the
zeolitic support would interact with this specific amino acid res-
idue to increase the catalytic rate.

On the other hand, the allosteric model proposed here is based on
a macromolecular simulation that explains the experimental results.
The model combines the surface electrostatic potential of the
selected enzymes and normal mode analysis to elucidate a syner-
gistic effect originating from the movements between lid opening
and allosterically negative regions. The model is sufficiently plausible
to explain the differences in the experimental results obtained for
the T. lanuginosus and R. miehei lipases immobilized on the nano-
zeolitic supports investigated in this study.

The increase in the FAEE yield observed for the Nano-X/Ni/
0.5 M-RML complex was not as significant as the increase observed
for the Nano-X/Ni/0.5 M-TLL complexes, due to the lack an aspartic
acid residue at position 102, as explained by the allosteric mecha-
nism. Nevertheless the fact that the Nano-X/Ni/0.5 M-TLL com-
plexes have increased the FAEE yield 10-fold clearly indicates that
this unusual enhancement of FAEE production may also be influ-
enced by the formation of the nickel nanometric particle aggregates
observed on the Nano-X/Ni/0.5 M supports, as shown in the TEM
images (Fig. 5f).

Although there are several reports in the literature describing
the role of cationic species such as Ca®*, Fe?t, and Mg?tin the
activation of lipases in solution, the role and effect of the nickel
species in promoting or enhancing the activation of enzymes have
not yet been properly investigated, and the few studies reported in
the literature state that nickel species in solution generally have the
effect of causing the deactivation of lipases [75—77]. It is important
to note that the importance of nickel in biological systems was long
unrated, until the discovery of urease as a nickel enzyme and other
important enzymes such as methyl-coenzyme M (methyl-CoM)
reductase (MCR), Ni—Fe hydrogenase, nickel-containing carbon
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Fig. 13. The electrostatic potential surface generated by the solution of the Poisson—Boltzmann equation based on the charge distribution created associated to the Amber force

field. The dashed circles show the lids location. Illustration generated in PyMol.

Table 3
Zeta potential for the nanozeolitic supports.

Nanozeolite Zeta potential (mV) Standard deviation (+mV)
Nano-X/Na -50.9 0.2
Nano-X/Cu/0.5 M +13.7 0.2
Nano-X/Mn/0.5 M +41.0 0.3
Nano-X/Co/0.5 M +41.5 1.0
Nano-X/Zn/0.5 M +16.6 0.2
Nano-X/Ni/0.5 M +3.7 0.9

monoxide dehydrogenase (NiCoDH), acetyl coenzyme A (ace-
tyl_CoA) synthase (ACS), nickel_containing superoxide dismutase
(NiSOD) and CO dehydrogenase [79—81]. Although these studies
were not specifically related to lipase enzymes, our experimental
results systematically showed that nanozeolitic solid supports

90°

treated with nickel consistently activated lipases in a very specific
manner. In the case of the T. lanuginosus enzyme, this activation was
greatly enhanced by the specificity of its crystallographic structure
and the positively charged zeolitic surface, as suggested by the
allosteric mechanism discussed above. This unique interaction
observed for the T. lanuginosus enzyme and the nanozeolitic sup-
port treated with nickel is a strong indication that several of the
drawbacks related to the use of free enzymes for the production of
biodiesel can be overcome by employing these nano-
zeolite—enzyme complexes as catalysts. Therefore, further steps of
this research will focus in finding commercial application for the
use of this catalyst in the biodiesel industry where the volume of oil
to be processed is in million metric tons. Scale up options exploring
different configurations of enzymatic reactors such as the contin-
uous stirred tank reactors; fixed bed column reactor (in which the

Fig. 14. Normal mode analysis indicates a correlation in the movement of the enzyme negatively charged region around residues Asp-102 and Asp-158 (a) and the lid opening (b).
The amino acid residue Asp-102 is an extension of the lid backbone, resulting in its opening.
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immobilized enzyme is packed remaining stationary while the
substrate solution is pumped through it); and the fluidized bed
column reactor (in which the immobilized enzyme is kept sus-
pended by means of recycling of the substrate solution pumped
through) will be evaluated [82,83].

4. Conclusions

e The amount of enzyme immobilized and its enzymatic activity
depend on the nature of the extra-framework cation in the
zeolitic supports.

e Although all of the zeolite-enzyme complexes derived from

T. lanuginosus and R. miehei lipases were able to catalyze the

transesterification of palm oil into biodiesel, the best catalytic

performance was obtained with the Nano-X/Ni/0.5 M-TLL
complex.

A synergetic effect was observed due to the interaction between

the positively charged surface of the zeolitic supports treated

with Ni** and the T lanuginosus enzyme in the trans-
esterification reactions.

e A model of an allosteric mechanism generated using bioinfor-
matics tools was proposed to explain this synergetic effect, and
according to this model, the observed synergy is due to the
interaction between aspartic acid residues 102 and 158 of the
T. lanuginosus lipase and the positively charged zeolite surface.

e The lack of synergy systematically observed for the nano-
zeolite—complexes derived from the R. miehei lipase is due to
the absence of the aspartic acid residue at position 102.

e Biocatalysts prepared with nanozeolitic supports ion exchanged
with nickel and the T. lanuginosus enzyme are viable catalysts for
the production of biodiesel.
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