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Abstract: Recombinant Rhizopus oryzae lipase (mature sequence, rROL) was modified by adding
to its N-terminal 28 additional amino acids from the C-terminal of the prosequence (proROL) to
obtain a biocatalyst more suitable for the biodiesel industry. Both enzymes were expressed in
Pichia pastoris and compared in terms of production bioprocess parameters, biochemical properties,
and stability. Growth kinetics, production, and yields were better for proROL harboring strain than
rROL one in batch cultures. When different fed-batch strategies were applied, lipase production
and volumetric productivity of proROL-strain were always higher (5.4 and 4.4-fold, respectively) in
the best case. rROL and proROL enzymatic activity was dependent on ionic strength and peaked
in 200 mM Tris-HCl buffer. The optimum temperature and pH for rROL were influenced by ionic
strength, but those for proROL were not. The presence of these amino acids altered lipase substrate
specificity and increased proROL stability when different temperature, pH, and methanol/ethanol
concentrations were employed. The 28 amino acids were found to be preferably removed by proteases,
leading to the transformation of proROL into rROL. Nevertheless, the truncated prosequence
enhanced Rhizopus oryzae lipase heterologous production and stability, making it more appropriate as
industrial biocatalyst.
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1. Introduction

Biodiesel is expected to become a real alternative to fossil fuel due to the depletion of fuel
reserves, the better environmental features of biodiesel, and the crucial development of environmental
regulations by public administrations [1].

Biodiesel is obtained by transesterification of triacylglycerols with short-chain alcohols,
such as methanol and ethanol. The standard industrial procedure is based on alkaline-catalyzed
transesterification [2]. However, this method requires a large amount of energy and water for
purification. In recent years, lipase-catalyzed transesterification has become an effective alternative
owing to its less energy and water consumption and the formation of pure products [3,4].

Lipases (glycerol ester hydrolases, EC. 3.1.1.3) are hydrolytic enzymes that catalyze the hydrolysis
of esters in aqueous media. Also, they are widely known for carrying out synthesis, interesterification,
and, especially significant for the biodiesel industry, transesterification reactions in organic media [5].
However, two of the most significant restrictions to the industrial use of lipases as biocatalysts in
biodiesel production are their costs and their poor stability, notably in the presence of alcohols, such as
methanol [6], which limits their reusability and compromises the economic feasibility of the bioprocess.
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Protein engineering is a common target for improving biocatalysts [7]. Some methods, such as
directed mutagenesis, have provided promising results in this respect [8]. Others have used some
relevant amino acidic sequences, such as prosequences, that can act as intramolecular chaperones to
facilitate enzyme folding [9–11]. In addition, immobilization methods have allowed adverse effects on
enzyme stability in industrial reactions to be minimized. Such is the case with lipases immobilized onto
hydrophobic supports for use as biocatalysts in the production of biodiesel [12]. Lipases covalently
linked to chemically modified supports [13] and cross-linked enzyme aggregates [14] have also been
explored for biodiesel production. Furthermore, some authors have successfully prevented lipase
inactivation by adding alcohol stepwise [15].

Native Rhizopus oryzae lipase (nROL) is a deeply studied enzyme with a wide range of applications,
among them, biodiesel synthesis. This lipase is a 1,3-regiospecific enzyme, which is synthesized
as a precursor form containing a presequence of 26 amino acids, followed by a prosequence of 97
attached to the N-terminal of a mature sequence of 269 [16]. Both the presequence and the prosequence
should be removed when lipase is released. However, nROL still contains 28 amino acids of its
prosequence after release. These amino acids have been the subject of much research by virtue of their
activity as intramolecular chaperones. Thus, they have been associated with many important effects,
such as increased enzyme stability through better folding, decreased synthesis toxicity, and improved
intracellular protein transport or even changes in substrate specificity [16–19].

Enzymatic industrial-scale processes feasibility is highly determined by enzyme production, as a
significant part of the economic cost of bioprocesses comes from biocatalysts price [3]. ROL has been
produced both in the native organism and in various cell factories [20–23]. For instance, the production
and function of its prosequence have been examined in Saccharomyces cerevisiae [24–26]. Moreover,
Escherichia coli has been used to produce it [27] with improved results by avoiding the formation
of inclusion bodies [28]. In any case, Pichia pastoris has proved to be one of the most suitable cell
factories for synthesizing ROL [29]. Using this yeast provides a number of advantages, including
little endogenous protein secretion, the absence of endogenous lipases and esterases, the presence
of a powerful, tightly regulated methanol-inducible alcohol oxidase 1 promoter (PAOX1), and the
ability to grow at high cell densities on defined media [30]. The high suitability of P. pastoris for
ROL production is confirmed by the vast amount of literature on its cloning and expression [31–35].
Previous studies have examined the effects of cloning and expressing the whole ROL prosequence
(97 amino acids) with the mature sequence in P. pastoris [36,37]. The presence of the prosequence
was found to alter substrate specificity in the enzyme; the underlying mechanism, however, remains
unknown despite some attempts at elucidating the role of the amino acids in the prosequence. Several
truncated sequences of the prosequence have been cloned joint to the mature sequence and expressed in
Saccharomyces cerevisiae for this purpose [26]. Also, according to some authors working with Aspergillus
oryzae, the presence of 28 amino acids of the prosequence alongside the mature sequence is enough for
some of the presumed advantages of the prosequence to occur [19].

This work aimed to elucidate whether the truncated prosequence suffices to obtain a biocatalyst
with improved industrially relevant features, e.g., enzyme stability and increased heterologous
production. Therefore, 28 C-terminal amino acids of the prosequence were fused to the N-terminal of
recombinant Rhizopus oryzae lipase (rROL) (mature sequence), forming prosequence ROL (proROL),
and expressed in Pichia pastoris.

To the best of our knowledge, it is the first time that a joint expression of the truncated prosequence
of Rhizopus oryzae lipase and the mature sequence was carried out in Pichia pastoris, performing a study
of the heterologous production, enzyme stability, and biochemical features.
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2. Results and Discussion

2.1. Batch and Fed-Batch Production of proROL and rROL

The proROL producing strain (proROL-strain) used in the tests was selected from a pool of
previously screened colonies. A single plasmid integration was confirmed by droplet digital PCR
(ddPCR), and a batch culture was run by using a methanol concentration of 10 g L−1 for comparison
with the rROL producing single-copy strain. All batches were run in duplicate. Initially, all were
performed at a controlled pH of 5.5 (the standard value for rROL producing strain, rROL-strain).
However, with proROL-strain, the medium was highly cloudy by the end of the fermentation process
(results not shown). This result is likely to be due to the closeness of the pH to the isoelectric point of
proROL—6.08, calculated by bioinformatics tool ExPASy—so the fermentation pH was reduced to 5 in
order to avoid this unwanted effect.

Table 1 compares the main fermentation parameters between proROL-strain and rROL-strain.
Although final proROL activity was slightly higher than rROL activity, the greatest difference between
the two strains was that in µmax, which was 1.61 times greater in the former. Apparently, P. pastoris
growth was less markedly affected by proROL than by rROL heterologous protein. Also, YP/X was
higher in proROL-strain.

Table 1. Results of the batch with 10 g methanol L−1.

Parameter rROL proROL

µmax (h−1) 0.045 ± 0.002 0.073 ± 0.004
Final activity (AU mL−1) 10.51 ± 1.15 12.38 ± 1.05

YX/S (gX gMeOH
−1) 0.28 ± 0.02 0.335 ± 0.005

YP/X (AU gX
−1) 3753 ± 240 5017 ± 320

Methanol non-limiting fed-batch (MNLFB) strategy was carried out, maintaining a methanol
(MeOH) concentration of 3 g L–1—the optimum level for rROL-strain [38]. Table 2 shows the parameter
values obtained for both strains.

Table 2. Results of the fed-batch with rROL and proROL-strains under two methanol addition strategies.
Methanol limiting fed-batch (MLFB) under two pre-fixed specific growth rates (0.015 and 0.045 h−1).
Methanol non-limiting fed-batch (MNLFB), maintaining a constant methanol concentration at 3 gL−1.

MLFB MNLFB

Parameter proROL
0.015 h−1

rROL
0.015 h−1

proROL
0.045 h−1

rROL
0.045 h−1

proROL
3 gL−1

rROL
3 gL−1

Final activity (AU mL−1) 219 135 147 27 358 280
YP/X (total AU total gX

−1) 5264 2644 1908 479 4972 5282
µ (h−1) 0.011 0.014 0.038 0.043 0.065 0.046

qp (AU gX
−1 h−1) 57 46 68.5 18 308 322

Specific productivity * (AU gX
−1 h−1) 49 36 44 11 99 102

Volumetric productivity * (AU L−1 h−1) 2763 1857 2782 623 7160 5406

* Specific and volumetric productivity were estimated throughout the fermentation run.

As in the batch cultures, in MNLFB, the mean specific growth rate of proROL-strain exceeded that
of rROL-strain. The total fermentation time was quite similar for both (about 52 h). The volumetric
productivity of proROL-strain was 1.3 times higher than those of rROL-strain. However, Y(P/X), qp,
and specific productivity were quite similar. Interestingly, the specific growth rate of rROL-strain in the
batch and fed-batch MNLFB tests was the same, but lower in the fed-batch tests with proROL-strain.
These results suggested that the optimum MeOH set-point for maximal efficiency during MNLFB
might differ between rROL-strain and proROL-strain.
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The differences were more appreciated when Methanol limiting fed-bath (MLFB) strategy was
employed for comparing both strains. After the transition phase, the rROL production was practically
negligible for all the µ set-point tested, except for the lowest µ in which a sharp increase of lipolytic
activity was observed at the end of the fed-batch culture [38]. When the MLFB strategy was studied
with proROL-strain, a different behavior was observed at the lowest (0.015 h−1) and the highest
(0.045 h−1) µ set-points (Figure 1). In fact, even if proROL-strain production parameters were lower in
MLFB strategy than in MNLFB one, they were higher for the two µ set-points tested when compared
with rROL-strain—4.4 times greater in the best case—as can be seen in Figure 1 and Table 2. As it was
described for rROL-strain, MLFB cultures at the lowest µ improved the titer [38].
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Figure 1. Lipase activity evolution in MLFB (methanol limiting fed-batch) cultures of proROL-strain
and rROL-strain at two pre-fixed specific growth rates, 0.015 and 0.045 h−1. pre-fixed µ of 0.015 h−1

(discontinuous line) and 0.045 h−1 (continuous line). proROL-strain (�) and rROL strain (N). rROL,
recombinant Rhizopus oryzae lipase; proROL, prosequence ROL.

Thus, the better growth of proROL-strain combined with the better productivities observed in
both studied strategies, MLFB and MNLFB, suggested a stress reduction during recombinant protein
expression caused by the presence of the 28 amino acids of the prosequence. As a result, an unfolded
protein response (UPR) phenomena might not be triggered to the same extent as in the rROL-strain [39].

2.2. Electrophoretic Studies

The electrophoretic techniques were used to identify differences between proROL and rROL free
enzymes and also to examine some properties of lyophilized powders of each lipase. First, the band
corresponding to proROL in the SDS-PAGE gel was identified by using 4-Methylumbelliferone butyrate
(MUF)-butyrate as a substrate, and then the molecular weight of the lipase was determined. As can
be seen in Figure 2C, the zymogram contained only one active band. This result, which was also
obtained with rROL lyophilized powder (Figure 2D), suggested that P. pastoris secretome contained
no additional esterases or lipases [40]. After the zymograms were recorded, the gel was dyed with
coomassie blue to determine the molecular weight of the enzymes. The band corresponding to proROL
fell at 33 kDa (Figure 2B), which is similar to the value reported elsewhere (32 kDa) [36] and also to
that for naturally secreted lipase from Rhizopus oryzae [20]. As can also be seen (Figure 2E), the band
for rROL was around 29 kDa, 4 kDa lower than proROL according to the lack of the 28 amino acids of
the prosequence [41].

As can be seen in Figure 2F,G, the western blot analysis provided faint bands with similar
molecular weights for the two lipases, suggesting that there are different conformations of the lipases.
These results are consistent with previously published work, in which some attempts to explain these
findings were done, including N-terminal and glycosylation studies [40].
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Formatted: Not HighlightFigure 2. (A) Prestained all blue Precision Plus Protein™ standards molecular weight marker.
(B) SDS-PAGE results for proROL (square). (C) Zymogram for proROL lipase. (D) SDS-PAGE
results for rROL lipase (square). (E) Zymogram for rROL lipase. (F) Western blot results for proROL
lipase. (G) Western blot results for rROL lipase. (H) Precision PlusTM all blue standards molecular
weight marker.

The western blot results allowed the amount of lipase present in each lyophilized powder to
be quantified and the two enzymes to be compared in terms of a specific activity. For this purpose,
two samples of purified rROL of known concentration were used as lipase standards (results not
shown). As can be seen from Table 3, the presence of 28 additional amino acids in proROL had no
adverse effect on the specific activity of the enzyme. The table also shows the protein/lyophilized
powder and lipase/total protein ratios. Approximately 25%–30% of all protein in the lyophilized
powder was recombinant protein. This result confirmed P. pastoris to be an effective cell factory for
heterologous protein production.

Table 3. Specific activity, mass/mass % of total protein/lyophilized powder, and ratio lipase/protein of
proROL and rROL calculated with the Western blot test.

Enzyme Specific Activity
(AU genzyme−1)

%Protein/Lyophilized
Powder % Lipase/Protein

rROL 17.8 ± 0.6 7.2 28.5
proROL 16.1 ± 0.3 8.5 25.2

Finally, the samples were subjected to densitometry analysis by using SDS-PAGE gels and a protein
standard marker (Precision Plus Protein™ unstained) of known concentration from Bio-Rad (data
not shown). The results were similar to those of the western blot test. This suggested that P. pastoris
secreted no other proteins similar to the lipases in molecular weight and potentially interfering with
densitometric analyses.

2.3. Influence of Ionic Strength, Temperature, and pH on Enzyme Activity

proROL was characterized in biochemical terms to examine the influence of ionic strength,
temperature, and pH on enzyme activity, as well as to compare the results with those previously
reported for rROL [40]. As shown by reported evidence, ionic strength has a marked effect on enzyme
activity. In this work, its influence was examined by using 50–400 mM concentrations of Tris-HCl buffer
at pH 7.25. As expected, lipolytic activity (Figure 3) was strongly influenced by ionic strength because
the activity dropped dramatically at 400 mM and 50 mM. Both enzymes behaved similarly in this
respect, suggesting that the presence of the prosequence had no appreciable effect on this parameter.
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Figure 3. Influence of ionic strength on lipolytic activity relative to the maximum value for proROL (�)
and rROL (N) in Tris-HCl buffer at pH 7.25 at 30 ◦C that was taken to be 100% in each case.

Due to the significance of the ionic strength in enzyme activity, the temperature and pH assays were
done at 200 mM and 400 mM, considering the different behavior observed for rROL [40]. The influence
of temperature is illustrated in Figure 4A. As can be seen, the optimum temperature for proROL at
both ionic strength levels was 40 ◦C; by contrast, that for rROL shifted from 40 ◦C to 30 ◦C at the
higher value. Similar optimum temperatures were previously reported (e.g., 40 ◦C and 35 ◦C for native
ROL [20,42], and 30 ◦C for lipase formed by the mature sequence produced in P. pastoris [29]). As can
be seen from Figure 4B, the influence of pH was similar to that of temperature; thus, proROL exhibited
an identical optimum pH at both ionic strength levels, whereas rROL had an optimum pH of 7.25 at
the higher value and eight at the lower. An optimum pH of eight was previously reported for native
ROL [29,42] and one of 7.5 for purified native lipase [20].
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Figure 4. (A) Effect of temperature on lipolytic activity relative to the maximum value for proROL and
rROL in Tris-HCl buffer at pH 7.25 at two different ionic strengths (200 and 400 Mm) that were taken to
be 100% in each case. (B) Effect of pH on lipolytic activity relative to the maximum value for proROL
and rROL in Tris-HCl buffer at 30 ◦C at two different ionic strengths (200 and 400 mM) that were taken
to be 100% in each case. (dark-blue) 200 mM proROL. (striped-red) 400 mM proROL. (green) 200 mM
rROL. (White) 400 mM rROL.

The 28 amino acids in the prosequence have been described as an intramolecular chaperone [18],
increasing protein stability. As a result, proROL enzyme activity might be less markedly influenced by
changes in temperature or pH.
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2.4. Substrate Specificity

The presence of the 28 amino acids in the N-terminal of Rhizopus oryzae lipase has been associated
with changes in substrate specificity [17]. This led us to examine proROL specificity by using commercial
esters of variable carbon chain length and compare the results with those of previous studies on the
specificity of rROL and commercial native lipase from R. oryzae (nROL) [40]. As can be seen in Figure 5,
the profile for proROL was similar to that for nROL, with a peak at C-8. However, consistent with
previous results [25], it was different from that for rROL, which peaked at a greater chain length
(C-12). The presence of the 28 amino acids of the prosequence, therefore, had a clear-cut effect on lipase
specificity. In fact, previous studies have reported the significance of the 28 amino acids in Rhizopus
oryzae lipase substrate specificity by using bioinformatic prediction tools to build 3D models [17].
According to this work, the 28 amino acids of the prosequence are located near to the lid region, and as
they contain 50% of hydrophobic residues, they are supposed to play a relevant role in the interaction
with lipidic substrates.
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Figure 5. C-4 to C-12 p-nitrophenol ester specificity for nROL (striped-white), proROL (red), and rROL
(dark-blue). The maximum activity at 30 ◦C in 50 mM phosphate buffer at pH 7 in each run was taken
to be 100%.

2.5. proROL Lipase Proteolysis

Previous studies confirmed the proteolysis of the N-terminal in purified Rhizopus niveus lipase [41],
whose N-terminal is identical with that in R. oryzae lipase [43]—seemingly, proteolysis was the result of
the presence of a serine protease in the purified lipase solution. Taking this into account, the proROL
enzyme was left in the solution for 24 h at room temperature to evaluate, by SDS-PAGE, possible
proteolysis and compare it with the controls described in Section 3.10. As can be seen from Figure 6,
proROL (C2) lost the 28 amino acids of the prosequence. However, no proteolysis was observed in the
presence of the protease inhibitor under sterile conditions (C3). Moreover, proteolysis was less marked
with C1 as the likely result of an antiseptic effect of ethanol added to the proROL solution.

Thus, as revealed by the blanks, proteolysis might have been caused by proteases produced by
external microbial contaminants present in the lipase solution. In addition, the 28 amino acids were
preferentially lost since no other bands suggesting non-specific proteolysis were observed upon lipase
hydrolysis. This may have been a result of the 28 amino acids of the prosequence being naturally
designed for removal in obtaining lipase, exclusively containing the mature sequence.
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Figure 6. SDS-PAGE analysis of the samples from the proteolysis study. (B) The initial solution of
proROL lipase. (I) proROL solution after 24 h in the presence of inhibitor. (C1) proROL solution
after 24 h in the presence of ethanol. (C2) proROL solution in 5 mM phosphate buffer after 24 h.
(C3) Sterilized proROL solution in 5 mM phosphate buffer after 24 h. (MW) Molecular weight marker.

2.6. Stability

Because proROL has been deemed more stable than the enzyme consisting of the mature sequence
only [11], proROL stability was compared to rROL stability under three different conditions selected
from a previously done experimental design carried out for rROL characterization [5]. Such conditions
were chosen on the grounds that they previously led to a variable loss of activity. As can be seen from
Figure 7A, proROL was more stable than rROL after 1 h of incubation irrespective of the particular pH
and temperature conditions. For example, proROL was up to 7 times more stable than rROL at 35 ◦C
and pH 8.12.
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These results led us to examine proROL further than rROL by extending the incubation time to
24 h under sterile conditions to avoid the unwanted proteolysis described in Section 2.5. As can be
seen in Figure 7B, proROL lost only 10% of its activity after 24 h of incubation at 25 ◦C and pH 8.12.
Therefore, the temperature had a stronger effect than pH on proROL stability, which is consistent with
the results of previous studies on rROL stability [5].

The stability of both lipases during 24 h under sterile conditions in the presence of ethanol or
methanol at four different concentrations was also studied. As can be seen from Figure 8, proROL
was more stable than rROL irrespective of the conditions. For instance, proROL retained 17 times
more activity than rROL after 24 h in the presence of 15% methanol. Also, consistent with previous
results [37], both lipases were more strongly affected by ethanol than they were by methanol. However,
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this result conflicts with those for rROL in biodiesel synthesis reactions, where methanol proved more
detrimental [15]. This contradiction can be ascribed to the alcohol interacting with the active site of the
enzyme during biodiesel reactions, which is unlikely in a lipase-alcohol solution because the enzyme
lid is closed. The influence of the lid on enzyme stability (particularly thermal stability) was previously
investigated [44].
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In summary, the 28 amino acids of the prosequence in the N-terminal of lipase improved protein
stability not only under different conditions of pH and temperature but also in the presence of variable
concentrations of alcohol.

3. Materials and Methods

3.1. Strains and Derivative Plasmids

Two different plasmids were used, namely: the pPICZαA plasmid containing Rhizopus oryzae
lipase (rROL) as expressed by the inducible promoter alcohol oxidase 1 (PAOX1), which was labeled
“rROL plasmid”, and a derivative thereof containing the last 28 amino acids of the prosequence in the
N-terminal of rROL (proROL). The region corresponding to the 28 amino acids was codon-optimized
for P. pastoris (GenScript, Piscataway, NJ, USA) and flanked with XhoI and BtsαI restriction sites
for subsequent digestion-ligation cloning. The rROL plasmid natively contained both restriction
sites, so cloning left no unwanted sequences in it. The new plasmid was labeled “proROL plasmid”.
The Supplementary Information includes the plasmids (Supplementary Materials File S1).

The strain harboring proROL enzyme (proROL-strain) was transformed by electroporing
100 ng of the previously linearized plasmid. This amount limited the number of copies that
could be integrated into the genome. The resulting colonies were re-streaked twice in YPD-Zeo
plates to avoid population mixing, and 8 colonies were screened, as described elsewhere [45].
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This allowed the most representative colony to be selected for further study. The number of
single-gene copies was confirmed by digital droplet PCR (ddPCR) with the primers 5′-CCCTG
TCGTCCAAGAACAAC-3′ and 5′-GAGGACCACCAACAGTGAAG-3′ for rROL and proROL, and
5′-CCTGAGGCTTTGTTCCACCCATCT-3′ and 5′-GGAACATAGTAGTACCACCGGACATAACGA-3′ for
actin [46].

3.2. Batch Cultures

The inoculum culture was grown for 24 h in a 1 L baffled shake flask at 30 ◦C and 150 rpm.
The flask was filled with 100 mL YPG medium containing 10 g L−1 yeast extract, 20 g L−1 peptone, and
20 g L−1 glycerol and zeocin to a final concentration 100 µg mL−1. Then, a sample with a total optical
density (OD600) of 20 was centrifuged and resuspended in 100 mL of sterile water. This was followed
by the addition of the inoculum to the bioreactor at OD600 = 2 and a culture volume of 1 L. Cells were
cultivated in a 2 L bioreactor (Applikon Biotechnology, Delft, The Netherlands).

Invitrogen culture medium [26.7 mL 85% H3PO4, 0.93 g CaSO4, 18.2 g K2SO4, 14.9 g MgSO4·7H2O,
4.13 g KOH, and 2 mL 200 mg L−1 biotin], 5 mL of a trace salt solution, and a 0.15 mL L−1 concentration
of antifoaming agent (A6426, Sigma–Aldrich Co., St. Louis, MO, USA) were used in 1 L of culture
medium. The trace salt solution contained the following amounts per liter: 6 g CuSO4·5H2O, 0.08 g
NaI, 3 g MnSO4·H2O, 0.2 g Na2MoO4·2H2O, 0.02 g H3BO3, 0.5 g CoCl2, 20 g ZnCl2, 65 g FeSO4·7H2O,
0.3 g biotin, and 5 mL concentrated H2SO4. The biotin and the trace salt solution were sterilized
separately by filtration (SLGV013SL 0.22 mm, Millipore Corporation, Billerica, MA, USA); unlike the
original recipe, however, the solutions contained no glycerol but 10 g methanol L−1 that was added
prior to inoculation. Cells were grown at 30 ◦C and pH 5.5 with rROL harboring strain (rROL-strain)
and 5 with proROL-strain. The oxygen concentration was set at 25% and controlled by cascade stirring
between 500 rpm and 700 rpm with constant aeration at 1 vvm.

Samples were withdrawn at different times from the reactor and analyzed for lipolytic activity,
biomass, and methanol concentration. The end of each batch run was detected by a sudden increase of
dissolved oxygen (DO) concentration in the culture broth.

3.3. Fed-Batch Cultures

The inoculum culture was grown for 24 h in a 1 L baffled shake flask containing 100 mL YPG
medium and zeocin at 30 ◦C and 150 rpm. Then, cells were centrifuged and re-suspended in 200 mL of
sterile water. The inoculum was added to the bioreactor at OD600 = 1.5 and the total culture volume of
2 L. Cells were cultivated in a 5 L Biostat B bioreactor (Sartorius, Guxhagen, Germany), using the same
medium as in the batch test.

Initial batch cultivation was done using glycerol as a carbon source with a final concentration of
40 g L−1. Once glycerol was depleted, a 5 h transition stage was started [47]. Finally, a fed-batch stage
was performed with methanol as the sole carbon source to facilitate protein induction. Two strategies
were followed for methanol addition, limiting fed-batch culture (MLFB) and non-limiting fed-batch
culture (MNLFB). Under MLFB strategy, pre-fixed 0.015 and 0.045 h−1 specific growth rates were
employed, while for MNLFB, methanol concentration was set at 3 g L−1, the previously published
optimum concentration for rROL-strain. Methanol concentration was monitored and controlled with a
Raven Biotech (Vancouver, BC, Canada) probe immersed in the culture broth. Further information
about the fed-batch cultivation set-up, operating conditions, and main cultivation parameters can be
found elsewhere [38,48].

3.4. Lipases

Fermentation runs were followed by centrifugation, microfiltration, ultrafiltration,
and lyophilization of the culture broth to remove biomass and concentrate the enzyme [49].
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3.5. Chemicals

4-Methylumbelliferone butyrate (MUF-butyrate), p-nitrophenol esters, phenylmethylsulfonyl
fluoride (PMSF) and culture media reagents, unless otherwise stated, were purchased from
Sigma–Aldrich (St. Louis, MO, USA). The lipase colorimetric kit used for the activity assay was
obtained from Roche (Roche kit 11821792, Mannheim, Germany), and bovine serum albumin standards
(Ref. 11811345) were supplied by Thermo Fisher Scientific (Waltham, MA, USA).

3.6. Electrophoresis

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was carried out as
described elsewhere [40]. Prestained all blue and unstained Precision Plus Protein™ standards from
BioRad (Hercules, CA, USA) were used for molecular weight determination and band quantification,
respectively. Zymograms were obtained as described elsewhere [50] and followed by staining of the
gel to determine the molecular weight of each active protein.

Gel DocTM EZ Imager and ImageLab v.5.2 software from BioRad were used for further
image analysis.

Western blot tests were done by SDS-PAGE. Then, proteins were transferred from the gel to a
nitrocellulose membrane by using a Trans-Blot Turbo Midi Nitrocellulose Transfer Pack from BioRad
(Hercules, CA, USA) [51]. Mouse anti-ROL antiserum obtained from the Servei de Cultius Cel·lulars,
Producció d’Anticossos i Citometria (Universitat Autònoma de Barcelona, Bellaterra, Spain) was used
for lipase immunorecognition.

Image analysis and quantification were done with a Molecular Imager® ChemiDoc™ XRS System
and the software ImageLab v.5.2. rROL purified samples of known concentration were used for 2-point
calibration and sample quantification.

3.7. Lipolytic Activity

Lipolytic activity was determined on a Cary Varian 300 spectrophotometer (Varian Australia,
Mulgrave, VIC, Australia) using the Roche lipase colorimetric kit at 30 ◦C in 200 mM Tris-HCl buffer at
pH 7.25 unless otherwise stated. Measurements were made in triplicate at 580 nm [52].

3.8. Total Protein

Protein concentration was determined by using the Bradford method with bovine serum albumin
as standard [53].

3.9. Substrate Specificity

Substrate specificity was assessed by monitoring the hydrolysis of C-4 to C-12 p-nitrophenol esters
with a Cary Varian 300 spectrophotometer at 30 ◦C in 50 mM phosphate buffer at pH 7 as described
elsewhere [40].

3.10. Proteolytic Activity Inhibition

Proteolytic activity inhibition was assessed by using the PMSF inhibitor at a 1.5 mg mL−1

concentration in ethanol mixed with lipase solution in 5 mM phosphate buffer at pH 7 [41]. Blanks
containing no PMSF (C1), or neither alcohol nor PMSF (C2), were also used. An additional blank
(C3) was prepared by sterilizing a sample of lipase solution by filtration with 0.22 µm pore size from
Millipore Corporation (Billerica, MA, USA). All samples were kept in a roller at room temperature for
24 h.
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3.11. Enzyme Stability

Temperature and pH stability were examined by dissolving lyophilized lipase powder in 200 mM
Tris-HCl buffer under suitable pH and temperature conditions. Samples were withdrawn for analysis
after 1 h and 24 h.

Alcohol tolerance in the lipases was assessed in 200 mM Tris-HCl buffer at pH 8.2, containing
0%–30% (v/v) alcohol. Samples were withdrawn for analysis over the first 24 h.

Enzymatic activity was determined by the previously described method, diluting the sample not
to alter lipolytic activity assay conditions.

Stability studies were done under sterile conditions by previously passing the samples through a
filter of 0.2 µm pore size to avoid unwanted proteases coming from microbial contaminants.

4. Conclusions

Two of the main drawbacks of lipase-catalyzed transesterification for the biodiesel industry are
lipase production cost and its stability, which are directly related to the economic feasibility of the whole
process. The presence of only 28 amino acids of the prosequence in proROL resulted in significant
improvements in comparison to the mature sequence (rROL). In terms of bioprocess engineering,
the maximum specific growth rate value for proROL producing strain, 0.073 h−1, was 1.6 times greater
than that for rROL-strain but still much smaller than the value for wild-type P. pastoris (about 0.12 h−1).
In addition, lipase production and volumetric productivity of proROL-strain in fed-batch cultures
were also greater in both methanol-addition strategies. All these results suggested a stress reduction
caused by recombinant protein expression during proROL production and a potential decrease in the
economic cost of the biocatalyst due to higher productivity.

Although proROL and rROL free lipases showed similar specific activity and patterns during
biochemical characterization, the presence of the 28 amino acids in the former resulted in some
differences. Thus, proROL differed not only in molecular weight but also in the optimum pH
and temperature at each ionic strength. Substrate specificity also differed between the two lipases,
and selective proteolysis of the 28 amino acids of the prosequence was observed. However, the most
significant difference was the increased stability of proROL relative to rROL under all the stability tests
carried out at different pH and temperature conditions in the presence or absence of alcohols (methanol
and ethanol). The advantageous traits of this lipase may open up new avenues for its application in
the biodiesel industry.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4344/9/11/961/s1,
Supplementary Materials File S1 contains “rROL plasmid”, which includes the map of the plasmid in. dna format
(SnapGene), and “proROL plasmid”, which includes the map of the plasmid in. dna format (SnapGene).
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Abbreviations

ROL Rhizopus oryzae lipase
rROL Recombinant Rhizopus oryzae lipase formed by the mature sequence
nROL Native Rhizopus oryzae lipase

proROL
Lipase formed by 28 amino acids of the C-terminal of the natural prosequence of ROL fused to
the N-terminal of the mature sequence.

rROL-strain Genetically modified Pichia pastoris strain to produce rROL
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proROL-strain Genetically modified Pichia pastoris strain to produce proROL
MeOH Methanol
MNLF Methanol non-limiting fed-batch
MLFB Methanol limiting fed-batch
Y(P/X) Product-biomass yield (AU·gX−1)
Y(X/S) Biomass-substrate yield (gX·gS−1)
µ specific growth rate (h−1)
µmax maximum specific growth rate (h−1)
qp specific production rate (AU·gX−1

·h−1)
UPR Unfolded protein response
PAOX1 Inducible promoter alcohol oxidase 1
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