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Abstract

the conversion of waste cooking oil into biodiesel.

sion efficiency.

Background: We have recently developed a one-step, genetically encoded immobilization approach based on
fusion of a target enzyme to the self-crystallizing protein Cry3Aa, followed by direct production and isolation of the
fusion crystals from Bacillus thuringiensis. Using this approach, Bacillus subtilis lipase A was genetically fused to Cry3Aa
to produce a Cry3Aa-lipA catalyst capable of the facile conversion of coconut oil into biodiesel over 10 reaction
cycles. Here, we investigate the fusion of another lipase to Cry3Aa with the goal of producing a catalyst suitable for

Results: Genetic fusion of the Proteus mirabilis lipase (PML) to Cry3Aa allowed for the production of immobilized
lipase crystals (Cry3Aa—-PML) directly in bacterial cells. The fusion resulted in the loss of PML activity, however, and

so taking advantage of its genetically encoded immobilization, directed evolution was performed on Cry3Aa—-PML
directly in its immobilized state in vivo. This novel strategy allowed for the selection of an immobilized PML mutant
with 4.3-fold higher catalytic efficiency and improved stability. The resulting improved Cry3Aa-PML catalyst could be
used to catalyze the conversion of waste cooking oil into biodiesel for at least 15 cycles with minimal loss in conver-

Conclusions: The genetically encoded nature of our Cry3Aa-fusion immobilization platform makes it possible to
perform both directed evolution and screening of immobilized enzymes directly in vivo. This work is the first example
of the use of directed evolution to optimize an enzyme in its immobilized state allowing for identification of a mutant
that would unlikely have been identified from screening of its soluble form. We demonstrate that the resulting
Cry3Aa—PML catalyst is suitable for the recyclable conversion of waste cooking oil into biodiesel.
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Background

Human combustion of fossil fuels has resulted in
increased atmospheric CO,. This is widely believed to
have contributed to global warming and climate change
[1, 2]. One strategy to reduce net carbon emissions to the
atmosphere is to use carbon-neutral fuels, such as bio-
diesel comprised of fatty acid methyl esters (FAMEs) gen-
erated from vegetable oils. FAME is attractive as a biofuel
since it is renewable, clean burning, and compatible with
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diesel engines, both directly and as a blend with tradi-
tional petrodiesel [3, 4].

Currently, FAME biodiesel is most commonly pro-
duced using base-catalyzed transesterification of tria-
cylglycerols (TAGs) with methanol (MeOH) (Fig. 1).
Vegetable oil is a common feedstock for biodiesel pro-
duction, though its relatively high price [5] and its neg-
ative impact on food security make it less appealing.
With these concerns in mind, one attractive alternative
is waste cooking oil (WCO). WCO is non-edible, cheap,
and abundant. However, it contains a high content of free
fatty acids (FFAs) that can form soap in the presence of
a base catalyst. While an acid pre-treatment step can be
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Fig. 1 Schematic of FAME biodiesel synthesis via base-catalyzed
transesterification of TAGs with MeOH

applied to convert the FFAs into FAME prior to adding a
base catalyst for TAG conversion, this increases the pro-
duction costs and poses significant environmental con-
cerns [6, 7].

An alternative conversion strategy to convert WCO
into biodiesel is the use of lipases, since they can catalyze
the conversion of both FFAs and TAGs into FAME bio-
diesel under mild conditions and temperatures (i.e., low
energy input), and in the presence of water [8—10]. A key
hurdle to the application of lipases for biodiesel produc-
tion is their stability, reusability and production costs
[11-13].

One common approach to address these issues is to
immobilize the lipase, which permits for its easy removal
and reuse during multiple cycles of biodiesel conver-
sion. Most immobilization approaches used for biodiesel
lipases involve multiple steps: (1) expression and puri-
fication of the lipase catalyst, (2) synthesis of the sup-
port, and (3) anchoring of the lipase on the support. One
potential improvement is the use of genetically encoded
immobilization approaches which allow for the direct
production of immobilized enzymes in bacterial cells
[14-16].

Lipase catalysts can also be improved by directed evo-
lution to generate mutants with higher thermal and/
or organic solvent stability [17-20], as well as enhanced
MeOH tolerance specifically for biodiesel produc-
tion [21-23]. One potential limitation of these previous
studies is that the lipase is evolved in its soluble form,
as opposed to its immobilized state used for catalysis.
This could lead to discrepancies between enzyme func-
tion obtained from screening and enzyme function after
immobilization. For instance, surface residue mutations
could substantially increase an enzyme’s stability [24, 25],
but these same mutations could alter how that enzyme
behaves after immobilization. Therefore, an approach to
directly evolve enzymes in their immobilized state could
be beneficial.

Systems where evolution of the immobilized lipase
could be potentially achieved include genetically encoded
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immobilization approaches. Here, since expression and
immobilization occur simultaneously, any mutants pro-
duced can be directly screened in their immobilized
state. Several fusion tags have been exploited to generate
immobilized enzymes in vivo including self-aggregating
peptides [26—28] and protein domains [16, 29, 30]. How-
ever, to the best of our knowledge, there has been no
report of directed evolution studies performed on such
systems.

Our contribution to these genetically encoded
approaches involves the genetic fusion of enzymes to the
self-crystallizing protein Cry3Aa [31-33], and their pro-
duction as immobilized Cry3Aa-fusion crystals (CFCs)
in Bacillus thuringiensis (Bt) [34, 35]. We showed that
genetic fusion of Cry3Aa to lipase A from Bacillus sub-
tilis (lipA) resulted in Cry3Aa-lipA crystals capable of
catalyzing the conversion of coconut oil to biodiesel
with high efficiency over 10 reactions cycles [34]. This
work was the first example of using a genetically encoded
immobilized lipase for biodiesel production with both
high activity and recyclability. Unfortunately, this
Cry3Aa-lipA catalyst was non-ideal for WCO since lipA
prefers medium-chain (C,—C,,) fatty acids as substrates
[36]; while WCO is mostly comprised of long-chain
(C14—C,,) fatty acids [37]. We thus decided to explore the
properties of Cry3Aa fused to other lipases with a natural
substrate preference for long-chain fatty acids.

This directed our attention to Proteus mirabilis lipase
(PML) for fusion to Cry3Aa as a potential biodiesel cata-
lyst for WCO. We surmised that PML would be suitable
for Cry3Aa fusion, since it expresses well in E. coli, does
not require a signal peptide for proper folding, and its
size (55 A x 41 A x 26 A) is small enough to be accom-
modated in the natural channels present in the Cry3Aa
crystal (Fig. 2). Moreover, an improved mutant of PML,
Dieselzyme 4 (DLZM4), with high MeOH tolerance
had been identified by directed evolution of PML in its
soluble state [21]. Thus, the use of PML was attractive
since it would allow for comparison of the mutants pro-
duced from evolution in the immobilized versus soluble
state. Herein, we report the properties of the resulting
Cry3Aa—PML catalyst and its evolved mutant.

Results and discussion

Production and characterization of Cry3Aa-fusion crystals
Since the Cry3Aa N-terminus is known to undergo par-
tial processing [38], the production of Cry3Aa-PML
and Cry3Aa-DLZM4 was achieved by creating genetic
fusions that link these lipases to the C-terminus of
Cry3Aa. PML was also fused to a C-terminally trun-
cated variant of Cry3Aa (Cry3Aa*) which was previously
shown to lead to higher activity when fused to lipA [34].
Plasmids containing Cry3Aa—PML, Cry3Aa*~PML and
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Fig. 2 Schematic showing how PML could be accommodated in the Cry3Aa channel. a Dimensions of the PML fusion partner. b Structure of
Cry3Aa [38]. Cry3Aa is an insecticidal protein used by Bacillus thuringiensis and contains three structural domains: a seven-helix bundle (Domain 1), a
three-sheet domain (Domain 1), and a 3 sandwich (Domain Ill). ¢ Cry3Aa self-assembles into protein crystals containing large solvent channels (50 A

Cry3Aa—-DLZM4 were transformed and expressed in Bt
as described previously [35]. After isolation of the crys-
tals by density gradient centrifugation, pure Cry3Aa-
fusion crystals were obtained based on SDS-PAGE
analysis (Fig. 3). Unfortunately, hydrolysis of p-nitrophe-
nyl palmitate (pNPP) by the fusion crystals was lower
than that performed by the soluble enzymes (Table 1).
Cry3Aa-PML was~20-fold less active than soluble
PML, and fusion to Cry3Aa* did not improve the activ-
ity. Cry3Aa—DLZM4 fared worse, displaying a nearly
700-fold lower activity than soluble DLZM4. This sug-
gests that the mutations that stabilize soluble DLZM4 in
MeOH significantly reduce its activity when immobilized
as a Cry3Aa fusion. These findings support the notion
that the properties obtained from directed evolution of
an enzyme in solution might not necessarily translate to
its immobilized state.

Directed evolution of immobilized Cry3Aa-PML

The low activity of the immobilized Cry3Aa—PML lipases
motivated us to employ a directed evolution approach to
improve the immobilized catalyst activity. In light of the
results for the immobilized Cry3Aa—DLZM4 mentioned
above, direct screening of PML in its immobilized state

was explored since any mutations that were deleterious
to the immobilized enzyme’s activity, such as those in
Cry3Aa-DLZM4, would be screened out immediately.
As mentioned previously, one of the unique features of
the CFC platform is that it is genetically encoded with
the catalyst produced in its immobilized state directly in
the cell. Thus, after incorporating random mutations into
the PML gene, variants could be screened in vivo in their
Cry3Aa-immobilized forms.

A previously developed colony screening assay [21]
was used to screen immobilized Cry3Aa—PML mutants
in E. coli for improved activity and/or stability. Although
the production of Cry3Aa-fusion crystals is better in Bt
(e.g., ease of isolation, higher yields and better purity),
initial screening in E. coli is preferred for evolution pur-
poses since it has higher transformation efficiency, faster
growth, and does not require an intermediate strain for
DNA demethylation [39]. Moreover, we have previously
demonstrated that Cry3Aa*-lipA expressed in E. coli
forms insoluble [34], but enzymatically functional par-
ticles. After a single round of mutagenesis and screen-
ing, we obtained a double mutant Cry3Aa—-PML 1118V,
E130G (Cry3Aa-PMLYS, Fig. 3) with improved pNPP
hydrolysis activity compared to Cry3Aa—PML, resulting
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Fig. 3 SDS-PAGE analysis of purified Cry3Aa-lipase fusion crystals.
Lane (1) Molecular weight marker. Lane (2) Purified Cry3Aa—PML
crystals. Lane (3) Purified Cry3Aa-DLZM4 crystals. Lane (4) Purified
Cry3Aa*-PML crystals. Lane (5) Purified Cry3Aa-PMLY® crystals. 5-ug
crystals were solubilized in 5x SDS dye, boiled and loaded onto a

10% TGX Stain-Free gel (BioRad)

Table 1 Kinetics of soluble and immobilized lipases

Construct Activity ket (571 Ky (MmM) ket/K,
(U/mg) (mM~"s7T)
Soluble PML 639+£25 112+£12 1.77+£0.33 63.2+£0.21
Soluble PMLY® 755+38 592429 023440051 253+£0.22
Soluble DLZM4 106+£24 nd nd nd
Cry3Aa-PML 320£034 589+083 3464071 1.70+0.24
Cry_%Aa—PMLVG 586+024 34840.11 04814£0.048 7.24£0.10
Cry3Aa-DLZM4  0.1534+0.028 nd nd nd
Cry3Aa*-PML 1.51+£0.066 nd nd nd

One unit is defined as the amount of enzyme required to produce 1-pmol pNP
per min at 25 °C. Measurements were performed in at least triplicate, and the
averages are shown with the standard deviation of the mean

nd not determined

in a catalyst with 9% activity retention compared to solu-
ble PML (Table 1). An additional round of directed evolu-
tion was performed and > 10,000 mutants were screened,
but no mutant with higher activity was identified.
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Kinetic analyses

Kinetic analyses were performed to identify how the
1118V and E130G mutations enhance the activity of PML
(Table 1 and Additional file 1: Figure S1). Comparison of
the two immobilized forms shows that Cry3Aa—PMLY®
exhibits a 7.2-fold lower K,; and a 1.7-fold lower k.,
compared to Cry3Aa—PML. The soluble enzymes showed
a similar trend, with the PMLY® mutant having a 7.6-
fold lower Ky, and 1.9-fold lower k. These data demon-
strate that the improved catalytic efficiency (k. /K,;) of
the PML"S mutant might be due to a higher substrate-
binding affinity, and that the relative improvement is not
affected by fusion to Cry3Aa.

To understand the low activity of the Cry3Aa fusions,
their kinetic data were compared to their soluble forms
(Table 1). The K values of both immobilized Cry3Aa—
PML and Cry3Aa—PMLYS were only~twofold higher
than their soluble counterparts, suggesting that the lower
activity is not due to substrate diffusion—substrate dif-
fusional barriers are known to substantially increase the
Ky of enzymes [40, 41]. In contrast, the k_, values for
Cry3Aa—PML'® and Cry3Aa—PML were 17-fold and
19-fold lower than their soluble enzyme counterparts,
respectively (Table 1). The similarly large decreases in
k.o suggest that the loss in the activity from both immo-
bilized species is due to a common factor that hinders
catalytic turnover. While the exact mechanism is unclear,
one plausible reason is that fusion to Cry3Aa does not
orient PML in an optimal position for catalysis. Notably,
the activity of our previous catalyst Cry3Aa-lipA was
unaffected by fusion [34]; so the activity retention of the
fusion partner seems to be protein dependent. Neverthe-
less, we are optimistic that an alternate strategy to over-
come the decrease in activity associated with fusion of
PML"E to Cry3Aa can ultimately be identified.

Structure of PMLVE mutant

Structural studies of the Cry3Aa—PMLYS crystals
were attempted, but no Cry3Aa-fusion crystals could
be obtained in vitro. Nevertheless, crystals of the free
PMLYE protein were obtained and its structure was
determined by X-ray crystallography to try to gain insight
into how the 1118V and E130G mutations impact the cat-
alytic efficiency. The PMLVC structure is shown in Fig. 4a
with the active-site catalytic triad, 1118V and E130G
mutations, a-helices and lid helices highlighted.

Previous studies of PML and its homologs have
shown that this class of lipases exists in two conforma-
tions, an open conformation, and a closed conforma-
tion (Additional file 1: Figure S2). Comparison of the
structures of PMLY® and a homologous (42%) lipase
from Pseudomonas aeruginosa (PAL, 1EX9) reveals that
the lid helix (a5) acts as a hinge that adopts a closed
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Fig. 4 Crystal structure of PMLY®. a Overall structure of PMLY®

region connecting helices a5 and a6

colored by sequence ranging from the N-terminus (blue) to the C-terminus (orange).
a-Helices are labeled according to wild-type PML [43]. Lid region mutations from directed evolution are shown as red sticks and indicated with
arrows. The active-site catalytic triad amino acids are labeled and shown in sticks with the carbons colored in green and the remaining atoms
colored by element. A single calcium ion is colored as a magenta sphere. The two MPD molecules in the active site are shown in sticks and colored
gray. b Alignment of PMLYC (yellow) to inhibitor-bound PML (PDBID: 4GXN) [43] (cyan). The DEP inhibitor is labeled and shown as sticks with the
carbons colored in green and the remaining atoms colored by element. The major difference in the structure of the a6 helix between PML (orange)
and PMLY® (red) is highlighted in the red box. ¢ Close-up view showing the shift of PML"® a6 hydrophobic patch toward the active site and the loop

conformation in the absence of TAG substrates, and an
open conformation upon interaction with TAG sub-
strates [42]. Current PML structures have only been
solved in closed conformations, even when bound cova-
lently to a diethyl phosphonate (DEP) inhibitor. Even in
the closed conformation, PML contains a large 9-A chan-
nel that exposes the active site and appears to leave the
oxyanion hole in a “catalytically competent” conforma-
tion [43]. This suggests that the closed conformation of
PML should be active as long as the substrate is small
enough to diffuse through the 9-A channel.

Alignment of the structures of PMLY and DEP-bound
PML (PDB ID: 4GXN) [43] reveals that PMLVC is in the
closed conformation as well (Fig. 4b). The overall struc-
ture is nearly identical to wild-type PML with the main
structural difference being a change in helix a6 near
the active site (Fig. 4c). Helix a6 contains an amino acid
hydrophobic patch that has been proposed to be involved
in binding to fatty acid substrates [43]. As a consequence
of the two mutations, helix a6 changes from an «-helix
in PML to a 3,, helix in PMLY® (Additional file 1: Figure
S3) that orients its hydrophobic amino acids, particularly
1154, into the substrate binding pocket and towards the
DEP inhibitor (Fig. 4c). The net result is a constriction in
the size of the substrate-binding channel. In spite of this
tighter channel, it is likely that substrates could access the
PMLVC active site in the absence of lid opening. This is
supported by the presence of two MPD molecules in the
PMLVC active site (Fig. 4a), and further corroborated by
the positioning of the DEP inhibitor in the PML-DEP
and PML"€ structural alignment (Fig. 4b). The PMLYS

channel is large enough to accommodate a fatty acid
substrate suggesting that PMLYS should be capable of
hydrolyzing pNPP despite being in the closed conforma-
tion. Notably, assuming that the closed conformation was
active, the tighter binding pocket in PML"® compared to
wild-type PML would be consistent with the lower Ky,
deduced from kinetics.

Another structural difference between the PM
mutant and wild-type PML is the loop region connect-
ing helices a5 and a6. This loop is visible in the PMLYS
structure but absent in wild-type PML (Fig. 4c) suggest-
ing it is more disordered. Comparison of the structure of
PMLC to the open conformation of PAL suggests that
the flexibility of this loop might be important for the
dynamics of the lid to accommodate large triacylglycerol
substrates (Additional file 1: Figure S2). However, tak-
ing into account the fact that the k., of PMLY€ is only
reduced 1.9-fold, one can conclude that either loop flex-
ibility does not significantly impact lid dynamics when
substrates bind to the enzyme in an open conformation,
or it is irrelevant, because the closed conformation can
directly catalyze pNPP hydrolysis reaction. The presence
of a solvent channel near the active site and the fact that
PML maintains a closed conformation when bound to
DEP seem to support the latter case. However, hydrolysis
of large triacylglycerol substrates would likely only occur
in the open conformation.

LVG

Stability of Cry3Aa—-PMLYE crystals
Besides activity, another critical feature of a successful
biodiesel catalyst is stability, especially against thermal
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and MeOH-induced inactivation. The impact of the
CEC architecture on PML and PMLYC thermal stabil-
ity was evaluated (Fig. 5a). Soluble PML and PML® had
Ty, values of 45.6 °C and 40.5 °C, respectively (Table 2),
suggesting that the I118V and/or E130G mutations
destabilize PML in solution. Cry3Aa—PML and Cry3Aa-
PMLYS had comparable Ty, values of 51.7 °C and 51.2 °C,
respectively, indicating that the CFC framework stabi-
lizes PML against thermal denaturation. Thus, the 1118V
and/or E130G mutations appear to destabilize PML in
solution, but have no effect on PML in its immobilized
state, resulting in a 10.7 °C difference in thermal stabil-
ity between soluble PMLYS and Cry3Aa—PMLYC. This
large difference highlights the advantage of screening the
enzyme in its immobilized state—the ultimate form used
in FAME production. These mutations would have likely
been excluded from the library of soluble PML protein
variants, since they would have been screened out due to
their apparent thermal instability. It is unclear why these
1118V and E130G mutations destabilize PML in solu-
tion, but it is well established that incorporating flexible
glycine residues internally in helices destabilizes pro-
teins during unfolding [44]. Immobilization of PMLVE by
Cry3Aa may counteract this by confining the configura-
tion of PML in the Cry3Aa crystals.

The stabilities of soluble and Cry3Aa-immobilized
lipases to MeOH were also investigated (Fig. 5b and
Table 2). After incubation in MeOH, Cry3Aa-PML dis-
played twofold lower residual activity compared to solu-
ble PML, indicating Cry3Aa immobilization does not
confer increased stability to this polar organic solvent.
This contrasts with the fact that Cry3Aa immobilization
does confer thermostability to PML. On the other hand,
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Table 2 Stability of soluble and immobilized lipases

Construct T50 (°C) Residual activity
after MeOH incubation
(%)
Soluble PML 4564038 253457
Soluble PMLY® 4054025 220411
Cry3Aa-PML 5174089 120423
Cry3Aa-PMLY6 512412 261412

Measurements were performed in at least triplicate, and the averages are shown
with the standard deviation of the mean

the MeOH stability of Cry3Aa-PML'S, PMLS, and
PML was very similar, indicating that, although solvent
tolerance is not improved in the case of Cry3Aa—PML'S,
the incorporation of a MeOH incubation step during
screening is important to select for mutants that retain
wild-type stability, and ‘weed out’ those that do not.

Biodiesel production

With the kinetics and stability established, we proceeded
to optimize the reaction parameters for FAME produc-
tion from WCO by Cry3Aa—PML"C crystals. The reac-
tion conditions that can affect FAME vyields include
temperature, catalyst loading, MeOHé:oil ratio, water con-
tent and time. Each of these parameters were optimized
individually to find the best conditions for biodiesel pro-
duction by Cry3Aa—PMLYC crystals.

Previous studies have shown that PML is highly func-
tional at low temperatures, but high temperatures
resulted in poorer conversions [45]. Consistent with
these findings, attempts to optimize the temperature
of Cry3Aa—PML"C crystals for the biodiesel reaction
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Fig. 5 Stability of soluble and immobilized lipases. a Thermal stability of soluble PML, soluble PMLY®, Cry3Aa—PML and Cry3Aa-PMLYC. Reactions
were heated for 1 h at various temperatures prior to measuring activity. Residual activity was normalized to the maximum activity for each
respective construct. b Stability of soluble PML, soluble PMLY®, Cry3Aa—PML and Cry3Aa—PML"C in MeOH. Soluble lipases and crystals were
incubated in buffer only or 40% MeOH overnight and the residual activity was normalized to the activity after overnight incubation in buffer. All
reactions were performed in triplicate and error bars were derived from the standard deviation of the mean
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revealed no significant differences in FAME production
from 25 to 35 °C, though the conversion dropped appre-
ciably above 35 °C (Fig. 6a). Given that a reaction at 25 °C
requires the least energy input, it was used in subsequent
assays. It is uncertain why the improved thermal stability
of Cry3Aa—PML"E did not contribute to better conver-
sions at higher temperatures, but it is possible that the
combination of heat and MeOH is particularly deacti-
vating to PML, or that the reduced conversions are not
strictly related to enzyme stability and occur by some
other temperature-induced mechanism.

Catalyst loading was varied to determine the optimum
amount for WCO conversion into FAME biodiesel. As
shown in Fig. 6b, biodiesel production increased almost
linearly with catalyst loading, and saturated around 2%
(w/w of oil) catalyst. For comparison, in many other
immobilized systems, 10-30% w/w catalyst was used for
biodiesel synthesis [46, 47]. The much lower loadings
needed for the Cry3Aa—PMLYC catalyst supports the
dense enzyme packing nature of CFCs.

Since MeOH equivalents can affect the efficiency of
transesterification, the turnover efficiency was screened
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at different MeOH concentrations. At least three molar
equivalents of MeOH are required to reach completion,
but excess MeOH can drive the reaction forward by
favoring transesterification over hydrolysis [48]. On the
other hand, high MeOH concentrations can also dena-
ture enzymes; so fine-tuning is needed to identify the
optimal balance. Figure 6¢ shows that Cry3Aa—PMLYC
biodiesel conversion increased as the MeOH increased
to 4.5 molar equivalents, but then decreased slightly at
higher concentrations.

Another parameter that should be optimized is water
content. Water is required to maintain enzyme structure
and flexibility, but also competes with MeOH causing
hydrolysis. In the case of Cry3Aa—PMLYS, high concen-
trations of water had minimal effect on biodiesel conver-
sion (Fig. 6d), which allowed for a one-step addition of
MeOH since the overall MeOH concentration remained
low. This is preferred to a step-wise addition of MeOH
[49], since step-wise addition increases the processing
steps and leads to higher costs. Concentrations of water
below 30% (w/w of oil) drastically decreased the con-
version, perhaps due to the poor MeOH tolerance of
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Fig. 6 Optimization of reaction parameters during the conversion of WCO to biodiesel by Cry3Aa-PML"C crystals. a Percent conversion as a
function of incubation temperature. Reaction were incubated at 25-40 °C for 2 h. b Percent conversion as a function of catalyst loading. Reactions
were incubated with 0.25-2.5% catalyst (w/w of oil) for 2 h. ¢ Percent conversion as a function of MeOH:oil ratio. Reactions were incubated using
3-6 molar equivalents of MeOH for 24 h. d Percent conversion as a function of water content. Reactions were incubated using 10-80% water (w/w
of ail) for 24 h. Unless otherwise indicated, all reactions contained 130-mg WCO, 1.0% w/w Cry3/—\a—Pl\/lLVG crystals, a 5:1 MeOH:oil ratio, 40% w/w
water and were incubated at 25 °C, 2000 rpm in a thermomixer. The oil layer was extracted, and the percent conversion was determined by gas
chromatography (GC). All reactions were performed in triplicate and error bars were derived from the standard deviation of the mean
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PMLVE, An optimal conversion was determined to occur
in 50% w/w water.

A time-point study of Cry3Aa—PMLYS conversion
of WCO into biodiesel was performed using the opti-
mized parameters. After 48 h, 93% conversion could be
achieved using 2% catalyst (w/w oil), 4.5 molar equiva-
lents of MeOH, 50% water and 25 °C (Fig. 7a). This yield
compares favorably to some other studies that have
used WCO as a feedstock source. Yu et al. reached 79%
conversion after 72 h using 40% w/w catalyst, which is
16-fold higher than the amount of catalyst used in our
study [50], while Gihaz et al. used slightly more of their
optimized catalyst (2.5%), and achieved a compara-
ble yield of 80% in 24 h [51]. Thus, though we find that
Cry3Aa—PMLYC only retains 4-5% transesterification
activity of WCO relative to soluble PMLYS by mole,
our catalyst competes well with other immobilized
biodiesel catalysts for converting WCO to biodiesel in
practical application. Based on our analysis, it appears
that significant improvement to the performance of
our catalyst can be achieved by identifying a strategy
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to minimize the loss of PMLY®

Cry3Aa fusion.

activity associated with

Comparison of Cry3Aa and classical immobilization
strategies

To compare the performance of the Cry3Aa-fusion
approach to a classical immobilization approach, purified
PMLVE protein was covalently conjugated onto oxirane
functionalized beads (Immobead—PML") and tested for
its initial rate of conversion of WCO into biodiesel. When
the same amount of catalyst (1% w/w of oil) was used in
the reaction, the immobilized Cry3Aa—PMLY® crystals
exhibited a twofold higher conversion than Immobead-
PMLYC under the same reaction conditions (Additional
file 1: Figure S4). Thus, although fusion of PML"S lowers
its activity, the Cry3Aa—PML"C catalyst has higher activ-
ity per gram than Immobead—PMLY due to the dense
enzyme packing nature of the Cry3Aa-fusion crystals.
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Fig. 7 Time-point study and stability of Cry3Aa-PMLY® crystals during the synthesis of biodiesel from WCO. a A time-point study of the
transesterification reaction of WCO and MeOH by Cry3Aa-PML"C crystals. At 2, 4, 8, 24, and 48 h, samples were taken, and the oil layer was analyzed
by GC. b Recyclability of Cry3Aa-PML® during the production of biodiesel from WCO using 2.0% w/w catalyst. After each cycle, the oil layer was
extracted and analyzed by GC, and the crystals were washed with hexane and buffer prior to initiating the next cycle. ¢ Transmission electron
microscopy of Cry3Aa-PMLYC crystals before d and after 10 cycles of WCO conversion to biodiesel. Images were taken at x 25,000 and x 30,000
magnification, respectively. All reactions were performed in triplicate and error bars were derived from the standard deviation of the mean
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Recyclability

An important feature of any immobilized enzyme is its
recyclability. After 15 cycles of use in 24-h biodiesel reac-
tions, Cry3Aa—PMLVG still retained more than 77% of
its initial conversion efficiency (Fig. 7b). In comparison,
a recent report describing the production of biodiesel
from WCO using immobilized lipase particles found
that the conversion dropped to below 70% of its initial
value after only 4 cycles [52]. One concern of using pro-
teins as immobilization scaffolds is their poor mechanical
stability [53, 54], but transmission electron microscopy
revealed that the CFC particles did not degrade and still
retained their shape after multiple rounds of conversion
(Fig. 7c, d). Likely, the more resilient nature of crystals
improves the catalyst’s resistance to unfolding and dena-
turation under harsh conditions.

Conclusions

Directed evolution was employed to produce an immo-
bilized lipase with improved catalytic properties. Our
genetically encoded approach allowed for the first time
the direct screening of the immobilized enzyme particle
rather than the soluble enzyme. Since the characteristics
of the soluble and immobilized enzyme can differ, direct
screening of the immobilized enzyme is advantageous as
evidenced by the fact that the PML mutant obtained was
less stable in solution but exhibited improved stability
when fused to Cry3Aa. From these evolution studies, we
obtained an immobilized Cry3Aa—PML® catalyst with
higher catalytic efficiency and enhanced thermal stabil-
ity. Moreover, this catalyst demonstrated high conversion
of WCO into biodiesel and maintained high stability and
conversion over 15 reaction cycles. Not only does this
work contribute to the economical production of a bio-
diesel catalyst for conversion of waste materials, but also
it opens up a new avenue for engineering other immobi-
lized enzymes for industrial applications.

Methods

Materials

The PML gene was derived from Proteus mirabilis
(ATCC 7002) genomic DNA. The DLZM4 gene [21] was
codon optimized for Bacillus subtilis expression and syn-
thesized by Thermo-Scientific. WCO was collected from
a local university canteen. WCO was centrifuged and
filtered prior to use. MeOH, dimethylformamide (DMF)
and acetonitrile (MeCN) were purchased from Millipore.
Triton X-100 was purchased from Scharlau Chemicals.
1-naphthyl palmitate and Fast Blue B dye are from Santa
Cruz Biotechnology. All other chemicals and materials
are outlined below in parentheses.
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Construction of enzyme expression plasmids

To construct the soluble PML and soluble DLZM expres-
sion plasmids, the respective genes were amplified by
Kappa HiFi DNA polymerase (Kappa Biosystems) follow-
ing the manufacturer’s instructions and cloned into the
pET28b vector directly downstream of the gene encod-
ing an N-terminal His-tag using the Ndel and Xhol
restriction sites via Gibson Assembly (NEB). The soluble
PMLYE expression plasmid was constructed by ampli-
fying PMLYC from the Cry3Aa—PMLYS plasmid (see
below) and cloning it in the pET28b vector as described
above. Cry3Aa-PML, Cry3Aa*-PML and Cry3Aa-
DLZM4 constructs were produced by cloning the respec-
tive genes downstream of Cry3Aa or Cry3Aa* [34] in the
pHT315 vector [35] using the BamHI and Kpnl sites via
Gibson Assembly. All DNA manipulations were done
using XL-10 gold-competent cells, and DNA purification
was achieved using the Takara MiniBEST plasmid puri-
fication kit version 4.0. Positive clones were verified by
sequencing (BGI).

Directed evolution of PML by error-prone PCR

Primers used for error-prone PCR amplification of PML
contained Nhel and HindlIIl sites at the 5’ end and 3’
end of PML, respectively, so that they could be used for
T4 ligation. Error-prone PCR of PML was done using
the GeneMorph II Random Mutagenesis Kit (Agilent)
according to the manufacturer’s instructions for 1.5
amino acid changes per amplicon. The purified PML
mutant library was digested with Nhel and HindIII (NEB)
and ligated downstream of Cry3Aa or Cry3Aa* in the
pET28b plasmid using T4 ligation (Kapa Biosystems).
After ligation, the mutant library was transformed into
BL21(DE3) cells and spread on LB agar plates containing
50 pg/mL kanamycin (GoldBio).

Screening of PML mutant library for improved activity

The screening assay was performed by following the col-
ony lift screening protocol described previously [21]. The
colonies were transferred onto filter paper (Whatman)
and placed onto a LB agar plate containing 1-mM isopro-
pyl B-p-1-thiogalactopyranoside (IPTG, IBI Scientific)
and incubated at 25 °C for 2-3 h for protein expression.
The cells were then lysed by immersing the filter paper in
lysis buffer (50-mM NaH,PO, pH 7.5, 0.1-M NaCl, 0.1%
Triton X-100 and 1 mg/mL lysozyme) for 1 h at 25 °C. To
ensure that the beneficial mutations leading to improved
activity did not concomitantly perturb enzyme stability,
colonies were incubated in 50% MeOH solution con-
taining 0.1% Triton X-100 at 45 °C for 30 min. After the
MeOH and heat treatment, the solution was discarded
and then melted 0.5% agar containing 1-mM 1-naphthyl
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palmitate, 2-mM Fast Blue B, 0.5% Triton X-100, and 17%
DMEF was poured onto the filter paper. Colonies which
formed a dark precipitate significantly faster than the
control colonies were isolated from the master plate.

Validation and combination of beneficial mutations

The BL21(DE3) colonies carrying the positive hit mutant
plasmids were grown in 20 mL of LB (IBI Scientific) con-
taining 50-pg/mL kanamycin until the ODgy, reached
0.4-0.6. IPTG was added into the cultures at a final
concentration of 0.5-mM to induce protein expression
overnight at 18 °C. The cell pellets were resuspended in
1.2-mL of buffer (20-mM Tris—HCI, 100-mM NaCl, pH
7.5), and subsequently lysed by sonication. After centrif-
ugation, the soluble and insoluble fractions were assayed
for hydrolysis activity using 1-mM pNPP. Positive hits
were sequenced and two PML mutants carrying 1118V
and E130G mutations, respectively, were cloned down-
stream of Cry3Aa in the pHT315 vector using the BamH]I
and Kpnl sites for Bt expression. After verifying that both
mutants had improved activity, mutations were com-
bined using site-directed mutagenesis using Kappa HiFi
to produce the pHT315 Cry3Aa—PMLY plasmid.

Expression and purification of Cry3Aa fusions and soluble
enzymes

All Cry3Aa fusions were transformed, expressed and
purified as previously described [35]. SDS-PAGE samples
were prepared by solubilizing 30-pg crystals in 5x SDS
dye and boiling for 10 min.

Soluble PML, PMLY® and DLZM4 proteins were
expressed in E. coli BL21 (DE3). Transformed colonies
were inoculated into 500-mL LB supplemented with
50-ug/mL kanamycin. At ODg, 0.8, cells were induced
with 0.5-mM IPTG and incubated overnight at 16 °C,
220 rpm. Cells were harvested and resuspended in
50-mM Tris—HCl, 100-mM NaCl, pH 8.0 buffer supple-
mented with 1-mM phenylmethylsulfonylfluoride (Cay-
man Chemical) and 1-mM benzamidine hydrochloride
(TCI Chemicals). All cell pellets were lysed by sonication
and the cell lysate was loaded onto nickel affinity resin
(GE) and eluted using an imidazole gradient (0-1 M)
to yield the target proteins. Fractions containing lipase
were loaded onto a SEC70 gel filtration column (Bio-
Rad) and pure elutions were combined, concentrated in
a 10-kDa cut-off ultrafiltration unit (Satorius) and stored
at — 80 °C.

Protein concentrations were determined using the
Bradford standard assay. The Bradford reagent (Bio-
Rad) can completely dissolve the CFCs to obtain soluble
protein.
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Enzyme kinetics

The specific activities were measured using pNPP
(Sigma) as a substrate. A stock solution of 40-mM pNPP
was prepared in a 1:1 MeCN:triton X-100 mixture. 50-uL
of 2-mM pNPP prepared in 0.1-M NaH,PO, pH 7.0 was
added to 50-uL of enzyme (1-200 nM) and incubated
at 25 °C. The absorbance was measured continuously
at 405 nm using a Tecan M1000 and the linear portion
of the graph was used to calculate the activity in pmols
p-nitrophenol (pNP) produced (¢=18,000 M~'cm™) per
min.

Activity retention of CFCs was determined by compar-
ing the U/mg of the soluble enzyme to the correspond-
ing Cry3Aa fusions after accounting for the amount of
enzyme within the fusion. For example, 1-mg of Cry3Aa—
PML (as determined by Bradford) would be comprised of
0.30-mg PML and 0.70-mg of Cry3Aa calculated based
on their respective molecular weights. 1-U is the amount
of lipase required to produce 1-umol pNP per min at
25 °C using 1.0-mM pNPP substrate.

All kinetic parameters were determined using pNPP as
a substrate. Initial rates of hydrolysis of pNPP at various
concentrations (0-2.25 mM) were determined in 0.1-M
NaH,PO, pH 7.0 buffer. Enzyme concentrations used
were 1-nM and 10-nM for soluble lipases and Cry3Aa
lipases, respectively. The constants for Ky, and k., were
obtained from the corresponding Michaelis—Menten
plots using the GraphPad Prism 6 software.

All measurements were performed in at least triplicate.
The error bars show the standard deviation of the mean.
Structure determination of PMLYS mutant
Crystals of PMLYS were obtained by vapor diffusion as
sitting drops using 500-puL well solution at 18 °C. Large
crystals were obtained by mixing 2-uL of 10-mg/mL
PML"S protein and 2-uL of well solution (0.1-M HEPES
pH 7.5, 70% MPD) [43]. Crystals were soaked in crystalli-
zation condition containing 15% glycerol and flash frozen
in liquid N, prior to data collection.

X-ray diffraction data were collected at the National
Synchrotron Radiation Research Center in Taiwan at
beamline TPS 05A using a CCD detector, and the struc-
ture determined using the CCPi4 package [55]. The dif-
fraction images were processed using iMosflm [56].
Phase determination was solved by molecular replace-
ment in PHASER [57] using wild-type PML as a search
model (PDBID: 4GW3) [43]. The model was refined
using multiple rounds of Refmac5 [58] and COOT [59]
over a resolution range of 19.85-1.580 A. Data statistics
can be found in Additional file 1: Table S1. The structure
has been deposited with PDB ID: 6JD9.
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Thermal stability

1-uM of soluble lipases and Cry3Aa lipases were incu-
bated in 0.1-M NaH,PO, pH 7.0 buffer at various tem-
peratures for 1 h in a PCR (BioRad) and then cooled to
RT for 10 min. Samples were diluted and then assayed
for residual activity as described in the “Enzyme kinet-
ics” section above. Residual activity was normalized
to the maximum activity observed for each respec-
tive construct. Data were fit to a sigmoidal curve and
the T;, values and standard deviations were calculated
using the GraphPad Prism 6 software. Tj, is defined as
the temperature at which 50% activity remains after 1 h
incubation. All measurements were performed in tripli-
cate and the error bars show the standard deviation of
the mean.

Methanol solvent stability

1-uM of soluble lipases and Cry3Aa lipases were incu-
bated in 0% or 40% v/v MeOH in 60-mM NaH,PO,
pH 7.0 at 25 °C, 300 rpm for 18 h. Samples were then
diluted to 4% v/v MeOH and assayed for residual activ-
ity as described in “Enzyme kinetics” section. Residual
activity was normalized to the activity after incubation
in 0% MeOH. All measurements were performed in
triplicate and the error bars show the standard devia-
tion of the mean.

Immobilization of PMLY® onto Immobead 150P beads
Immobilization of PMLY® onto oxirane functional
beads was done according to a previously described
protocol [60]. Immobead 150P (Sigma) beads were
weighed and washed with MeOH and 0.1-M NaH,PO,
pH 7.0 buffer before drying by speed vac. The beads
were subsequently incubated with 1% PMLYS (by
weight of beads) in 0.1-M NaH,PO, pH 7.0 overnight.
The amount of protein in the supernatant measured by
Bradford indicated > 97% of the PML" was loaded onto
the beads. The beads were washed twice with 0.1-M
NaH,PO, pH 7.0 buffer and dried before using them for
transesterification reactions.

Biodiesel reactions
Temperature optimization of biodiesel production
by Cry3Aa-PMLYS was performed using 1.0% w/w
catalyst, 130-mg WCO, 52-pL of 0.1-M NaH,PO,
pH 7 buffer (40% w/w water), and 30-uL MeOH (5:1
MeOH:oil ratio). Reactions were incubated at 25-40 °C
at 2000 rpm for 2 h. The reactions were centrifuged,
and the oil layer was extracted and analyzed by GC.
Optimization of Cry3Aa—PMLYS catalyst loading
on biodiesel production was evaluated using various
amounts of catalyst (0.25-2.5% w/w), 130-mg WCO,
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30-puL MeOH (5:1 MeOH.:oil ratio), and 52-pL of 0.1-M
NaH,PO, pH 7 buffer (40% w/w water). Reactions were
incubated at 25 °C, 2000 rpm for 2 h, and then the oil
layer was extracted and analyzed by GC.

Evaluation of MeOH:oil ratio on biodiesel produc-
tion by Cry3Aa—PML"S was done using 1.0% w/w cata-
lyst, 130-mg WCO, and 52-pL of 0.1-M NaH,PO, pH 7
buffer (40% w/w water). The molar equivalents of MeOH
in the reactions were 3, 3.5, 4, 4.5, 5, 5.5 and 6. The reac-
tions were incubated at 2000 rpm and 25 °C for 24 h, and
then the oil layer was extracted and analyzed by GC.

The effect of water content on biodiesel production
by Cry3Aa—PML"S was done using 1.0% w/w catalyst,
130-mg WCO, 30-uL MeOH (5:1 MeOHé:oil ratio) and
10-80% w/w water (0.1-M NaH,PO, pH 7.0). The reac-
tions were incubated at 2000 rpm and 25 °C for 24 h, and
then the oil layer was extracted and analyzed by GC.

Transesterification as a function of time was done using
2% w/w Cry3Aa—PMLY€ crystals in a mixture containing
390-mg WCO, 81-uL MeOH (4.5:1 MeOH:oil ratio) and
195-pL of 0.1-M NaH,PO, pH 7 buffer (50% w/w water).
Reactions were incubated at 25 °C at 2000 rpm and at 2,
4, 8, 24, and 48 h, 50-pL aliquots were centrifuged, and
the oil layer was collected for GC analysis.

To compare soluble PMLYS and Cry3Aa—PML" trans-
esterification rates by mole, 27-uM soluble PML"S and
Cry3Aa—PMLV€ crystals were mixed with 390-mg WCO,
81-puL MeOH (4.5:1 MeOH:oil ratio) and 195-uL of 0.1-M
NaH,PO, pH 7 buffer (50% w/w water). To compare
Immobead-PML"S and Cry3Aa—PML"C transesterifica-
tion rates, 3.9-mg of crystals or beads (1.0% w/w oil) were
mixed with 390-mg WCO, 81-pL MeOH (4.5:1 MeOHé:oil
ratio) and 195-pL of 0.1-M NaH,PO, pH 7 buffer (50%
w/w water). All reactions were incubated at 25 °C and
2000 rpm, and at 2-h and 4-h aliquots were centrifuged,
and the oil layer was collected for GC analysis.

For the recyclability reaction, 7.80-mg Cry3Aa—PMLY€
crystals (2% w/w) were added to 390-mg WCO, and the
mixture was sonicated to attain homogeneity. Then,
81-uL MeOH (4.5:1 MeOH:oil) and 195-pL of 0.1-M
NaH,PO, pH 7 buffer (50% w/w water) were added to
the catalyst—oil mixture and incubated in a thermomixer
at 25 °C, 2000 rpm for 24 h. After each cycle, the reac-
tion mixtures were centrifuged for 5 min and the oil
layer was extracted and analyzed by GC. The Cry3Aa—
PMLYS crystals were washed twice with 1-mL hexane
and collected by centrifugation and subsequently dried
in a speed-vac for 10 min. The crystals were then washed
once with 1-mL of 0.1-M NaH,PO, pH 7 buffer, centri-
fuged and collected before being dried in a speed-vac for
5 min. Fresh WCO, MeOH and buffer were added to ini-
tiate the next cycle. After 10 cycles, the crystals were left
overnight at RT prior to washing and starting cycle 11
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the next morning. All measurements were performed in
triplicate and the error bars show the standard deviation
of the mean.

Quantification of biodiesel

Quantification of FAME biodiesel was performed by
GC equipped with a flame ionized detector by a method
described previously [34], except samples were injected
into a HP-5 MS column (Agilent). The percent conver-
sion was determined by comparing to a biodiesel sample
prepared from WCO using a large excess of free Burk-
holderia cepacia lipase (Sigma) as previously described
[34, 61]. Thin layer chromatography [62] was used to
verify that all the WCO was converted into FAME by
B. cepacia lipase, and I, vapor was used for the staining
(Additional file 1: Figure S5).

Transmission electron microscopy

After 0 and 10 cycles of Cry3Aa—PML"C catalyzed WCO
conversion into biodiesel, small amounts of crystals were
extracted and diluted to 0.5-mg/mL in water. Ultrathin C
Type-A 400 mesh, Cu grids (Ted Pella Inc.) were dipped
into the crystal solution and allowed to air dry. Samples
were imaged on a Hitachi H-7650 transmission electron
microscope at 80-kV and a magnification of 25,000 x and
30,000 for 0 and 10 cycles, respectively. Images were
taken using the AMT Camera system.

Additional file

Additional file 1: Figure S1. Kinetics of soluble and immobilized lipase
constructs. (@) Plot of initial rate of soluble PML and (b) soluble PML®

in the presence of varying amounts of p-nitrophenyl palmitate (pNPP)
substrate. (c) Plot of initial rate of Cry3Aa-PML and (d) Cry3Aa—PML"®

in the presence of varying amounts of pNPP. Rates are in nmols L' s~
Experiments were performed in triplicate and the error bars represent
the standard deviation of the mean. Figure S2. The closed and open
conformations of PML. (a) Structure of PML homolog Pseudomonas
aeruginosa lipase (PAL, 1EX9, 42% sequence ID) in the open conformation
containing a bound triacylglycerol (TAG) substrate molecule. (b) Structure
of PMLYS in the closed conformation. (c) Alignment of (a) and (b) showing
how helices a5, a6 and the loop connecting these helices undergo large
conformational changes to open the active site to allow large triacylglyc-
erol (TAG) substrates to enter. The TAG substrate labeled as gray sticks is
octyl-phosphinic acid 1,2-bis-octylcarbamoyloxy-ethyl ester. Figure S3.
Comparison of a6 helix structures of PML and PMLYC. The a6 helix in PML
forms an a-helix where A153 and 1154 are hydrogen bonded to L157 and
E158 respectively. The a6 helix in PML® forms a 3,, helix where A153 and
1154 are hydrogen bonded to A156 and L157 respectively. This different
hydrogen bonding pattern changes the structure of the helix and the
orientation of the hydrophobic amino acids lining the active site. Figure
S4. Comparison of biodiesel production from WCO by Cry3Aa-PML"® and
a conventional immobilization approach. PML'® was immobilized onto
functional oxirane beads (Immobead—-PML"®) and the transesterification
of WCO was compared to Cry3Aa-PMLYC using 1% (w/w of oil) catalyst.
The oil layer was analyzed by GC after reaction for 2 and 4 h. All reac-
tions were performed in triplicate and error bars were derived from the
standard deviation of the mean. Figure S5. Thin layer chromatography

Page 12 of 14

of FAME produced by B. cepacia lipase from waste cooking oil. (1) Waste
cooking oil before and (2) after reaction with B. cepacia lipase. Fatty

acid methyl esters (FAME), triacylglycerols (TAGS), free fatty acids (FFAs),
diacylglycerols (DAGs) and monoacylglycerols (MAGs) are indicated with
arrows. Table S1. Data collection and refinement statistics for PML'®
crystal structure.
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