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ABSTRACT: It is shown by rational site-directed mutagenesis of the lid region in
Thermomyces lanuginosus lipase that it is possible to generate lipase variants with attractive
features, e.g., high lipase activity, fast activation at the lipid interface, ability to act on water-
soluble substrates, and enhanced calcium independence. The rational design was based on
the lid residue composition in Aspergillus niger ferulic acid esterase (FAEA). Five constructs
included lipase variants containing the full FAEA lid, a FAEA-like lid, an intermediate lid of
FAEA and TIL character, and the entire lid region from Aspergillus terreus lipase (AtL). To
investigate an altered activation mechanism for each variant compared to that of TIL, a
combination of activity- and spectroscopic-based measurements were applied. The
engineered variant with a lid from AtL displayed interfacial activation comparable to that
of TIL, whereas variants with FAEA lid character showed interfacial activation independence
with pronounced activity toward pNP-acetate and pNP-butyrate below the critical micelle
concentration. For variants with lipase and esterase character, lipase activity measurements
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further indicated a faster activation at the lipid interface. Relative to their activity toward pNP-ester substrates in calcium-rich
buffer, all lid variants retained between 15 and 100% activity in buffer containing S mM EDTA whereas TIL activity was reduced
to less than 2%, demonstrating the lid’s central role in governing calcium dependency. For FAEA-like lid variants, accessible
hydrophobic surface area measurements showed an approximate 10-fold increase in the level of binding of extrinsic fluorophores
to the protein surface relative to that of TIL accompanied by a blue shift in emission indicative of an open lid in aqueous solution.
Together, these studies report on the successful alteration of the activation mechanism in TIL by rational design creating novel

lipases with new, intriguing functionalities.

Lipases are triacylglycerol acylhydrolase enzymes (EC
3.1.1.3) that catalyze the hydrolysis of long chain
acylglycerols at the water—lipid interface. The essential role
of lipases in nature transcends into biotechnological applica-
tions, where they are used in the production of biopolymers
and biodiesel, in the synthesis of fine chemicals, and as catalysts
in detergents." The Thermomyces lanuginosus lipase (TIL) is a
single polypeptide chain consisting of 269 amino acids
comprising eight parallel f-sheets surrounded by five
interconnecting a-helices with three disulfide bonds (C22—
C268, C36—C41, and C104—C107).> The organizational
architecture of these secondary structures is common for
proteins in the a/f-hydrolase family.®> Furthermore, TIL
contains a single glycosylation site at position Asn33 by N-
acetylglucosamine, mannose, and galactose,4 which has been
shown to play an important role in the properties of binding to
micelles.®

The catalytic triad in TIL, composed of residues Serl46,
His258, and Asp201, is shielded from the external environment
by a lid region composed of an a-helix with two hinge domains
anterior and posterior to the lid.” Crystal structures of the TIL
with its lid in a closed and open state have indicated that this lid
plays a central role in the activation of the enzyme.®” The TIL
and most other lipases become fully activated upon binding to a
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water—lipid interface and remain virtually inactive when the
substrate is in an aqueous solution in the absence of an
interface,® a phenomenon termed “interfacial activation”.” As
the substrate reaches concentrations beyond its critical micelle
concentration (CMC), the lipase activity increases more than
10-fold with a concomitant opening of the lid. Activity
measurements”'® and MD simulations''~** on TIL and related
lipases suggest that the opening of the lid is energetically
unfavorable in aqueous solutions. This is supported by the fact
that lid opening exposes a large hydrophobic patch representing
~10% of the total surface area of the enzyme.” Also, the distinct
distribution of hydrophobic amino acids in the lid of TIL
indicates a favorable interaction with the active site in a
hydrophilic environment keeping the lid closed. As the lipase
encounters a lipid surface, the lid moves away from the active
site and hydrophobic residues Ile, Trp, and Phe in the lid are
proposed to penetrate the lipid layer to position the lipase
correctly for catalysis at the interface."*

The FAEA is one of the most studied ferulic acid esterases."
Interestingly, the primary sequence of FAEA is only ~30%
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identical with that of TIL, but their tertiary structures are
remarkably similar. Although the FAEA and TIL show similar
architectural arrangements, the two enzymes have different
activation functionalities.'® The FAEA does not exhibit lipase
activity,'” and its activity is supposedly independent of an
interface given the distribution of polar residues in its lid
(residues 67—83), including an N-glycosylation site (“NYTL”).
Therefore, to change the activation mechanism in TIL, a
rational design approach was applied on the basis of the lid
residue composition in FAEA, spanning 17 residues. The lid
from AtL was included as a proof of concept demonstrating the
impact of lid residue composition on lid activation. Previous
studies'®'? have investigated the impact of single-site mutations
in the hinge domains of the lid region in Aspergillus niger lipase
based on FAEA. Also, it has been shown that it is possible to
adapt esterase activity and lower lipase activity by incorporatin%
the entire lid region from FAEA to different lipase backbones.”

In this work, we have created lid variants with a series of
mutations in the lid region spanning both the hinge domains
and the a-helix based on the lid residue composition in FAEA
facilitating the generation of lipase variants with an intermediate
lid composition. Variants 1L and 2L contained FAEA-like lids;
variants 3L and 3C had intermediate lid compositions of both
FAEA and TIL character, and variant 4L contained the entire
lid domain from AtL. In this study, activity assays and
spectroscopic methods were combined to elucidate the
open—closed states of the lid in each variant in vitro. Activity
on water-soluble pNP-acetate was determined for each variant,
and the interfacial activation profile was studied by measuring
the hydrolytic activity on pNP-butyrate below and above its
critical micelle concentration. Lipase activity was determined by
measuring the hydrolytic activity on pNP-decanoate embedded
in a triolein layer. Hydrolytic activity on pNP-butyrate and
-decanoate was also determined in the presence of Triton X-
100 with and without calcium ions and EDTA. Finally,
fluorescence spectroscopy was used to reveal differences in
the Trp microenvironment and binding of extrinsic fluoro-
phores to hydrophobic areas on the protein surface.

B MATERIALS AND METHODS

Materials. Unless designated, all reagents and biochemical
supplies were purchased from Sigma-Aldrich and affiliates.

Engineering of Lid Variants. Lid variants were created by
rational design based on the lid regions from A. niger ferulic
acid esterase (FAEA), T. lanuginosus lipase (TIL), and
Aspergillus terreus lipase (AtL), spanning 17 residues. 1L
contained the entire FAEA lid, and 2L contained a FAEA-like
lid with three additional conservative mutations and with the
“NYTL” glycosylation site removed. For the rational design of
3L and 3C, a PSI search® was conducted in the UniProtKB
database using the FAEA primargr sequence as a query [Protein
Data Bank (PDB) entry 1UZA"]. The resulting FAEA-related
esterase and lipase sequences were aligned using MUSCLE>*
and analyzed for specific reoccurring motifs in the posterior
hinge domain, H2, of the lid region in ClustalX version 1.83%
(Figure S1 of the Supporting Information). The “PQ” motif
was found to be prevalent in a number of hydrolases from
different species, e.g., Parmelia omphalodes, Penicillium chrys-
ogenum, Emericella nidulans, Aspergillus kawachii, Coccidioides
posadasii, Coccidioides immitis, Penicillium marneffei, Talaromyces
stipitatus, Setosphaeria turcica, Mycosphaerella graminicola, and
Septoria musiva, and was therefore incorporated into the lids of
3L and 3C. Other parts of the lid region contained residues
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from either TIL or FAEA. In addition, 3C was constructed with
the intention of locking the lid in an open conformation with a
disulfide bond. Variant 4L was made by adapting the entire lid
domain from AtL. For alignment of entire protein sequences
for lid variants and TIL, refer to Figure S2 of the Supporting
Information.

Variant Construction, Transformation, and Screening.
All variant genes were generated by spliced overlap extension
(SOE) polymerase chain reaction (PCR)** with flanking
primers 5'-AGAGCTTAAAGTATGTCCCTTG-3’' (forward)
and 3’-CCCCATCCTTTAACTATAGCG-5' (reverse) and
hybrid primers (Table S1 of the Supporting Information).
The lipase variant genes were inserted into a cloning plasmid
containing the TIL gene, and purified DNA was sequenced
across the whole gene, transformed into an Aspergillus oryzae
strain, and fermented according to previous methods.”®
Protoplasts were stored at —80 °C and thawed when needed.
Expression was verified by running sodium dodecyl sulfate—
polyacrylamide gel electrophoresis (SDS—PAGE) analysis.
Variant screening was conducted for successfully transformed
A. oryzae strains using a standard pNP-valerate activity assay.>

Purification. Fermentation broths were sterile filtered using
filter units (Nalgene) with appropriate filters (CAT model
1820-090, Whatman). NaCl was added to the filtered
supernatant to a final concentration of 1 M. The protein
purifications were conducted with an AKTA Prime instrument
(Amersham Biosciences) according to a previously published
protocol.”’” Variants were highly purified with no observable
contamination verified by SDS—PAGE. All samples were
buffer-exchanged and concentrated in SO mM MOPS (pH
7.5) using centrifugal filter units (Ultracel-10K, Millipore). The
intact molecular weight of each variant and TIL was verified by
LC-ESI-TOF-MS analysis (Table S2 of the Supporting
Information). Furthermore, as indicated by SDS-PAGE
analysis, in-gel digest mass spectrometry confirmed glycosyla-
tion of the “NYTL” site in the lid of variant 1L (data not
shown).

Circular Dichroism Spectroscopy. Circular dichroism
(CD) spectroscopy was used to characterize and compare
protein folding of TIL and lid variants in aqueous solutions in
the absence of an interface. A J-815 CD spectrometer (Jasco)
was used to record CD spectra. Spectra were recorded in 10
mM Tris buffer (pH 7.5), with protein concentrations of ~0.4
mg/mL. Quartz glass cuvettes for far- and near-UV CD with
light paths of 0.02 cm were used. CD spectra were collected
from 260 to 178 nm with 1 nm intervals. A minimum of five
scans were taken for each sample. The spectra were averaged,
and blanks were subtracted. Finally, the spectra were converted
to Ae per residue molar absorption units of CD (M~ cm™)
using the equation Ae = 6(0.1 X MRW)/(3298Ic), where 0 is
machine units in millidegrees, MRW is the protein mean weight
per residue in grams per mole, | is the path length in
centimeters, and c is the protein concentration in milligrams per
milliliter. Modeling of the CD spectra was conducted at http://
dichroweb.cryst.bbk.ac.uk/html/home.shtml*® using the
CDSSTR algorithm with reference set 1 optimized for 178—
260 nm for secondary structure analysis.””

Lipase Assay. Microtiter plates (96 wells, NUNC 269620)
were coated with 100 nmol of triolein (CAS Registry No. 8001-
25-0) and 100 nmol of pNP-decanocate (CAS Registry No.
1956-09-8). The stock solutions were made by dissolving the
substrate in 95% hexane (CAS Registry No. 110-54-3) in blue
cap flasks, making sure that the lid was tightly sealed to prevent
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evaporation. The plates were coated by transferring the
substrate solutions to each well by a multipipette and letting
the plates dry for 2 h in a flow hood with the light switched off
(avoiding light oxidation of the pNP-substrate). The assay was
conducted in 100 mM Tris and 1 mM CaCl, (pH 8, 9, or 10).
Ten microliters of the enzyme solution was transferred to 190
UL of buffer on a separate 96-well microtiter plate; 150 yL of
the enzyme dilution was transferred to the coated lipase assay
plate with a multipipette (Liquidator RAININ, Mettler
Toledo). The coated assay plate was immediately placed in
the plate reader (SpectraMax Plus 384, Molecular Devices), and
the increase in absorbance due to the p-nitrophenolate anion
was measured at 405 nm. The assay was conducted at 25 °C for
10 min.

Interfacial Activation (IA) Assay. The IA assay was
conducted according to the method described in ref 9, however,
in a microtiter plate setup using nonbinding plates (Corning,
catalog no. 3995) to minimize adsorption of lipase to the well
surface and hence lower artificial activity levels. The substrate
dilutions were emulsified by sonication for 2 min prior to the
assay. The reaction was started by addition of an enzyme
solution (10 uL) to 190 uL of a substrate solution. Hydrolysis
of pNP-butyrate was monitored at 400 nm with a UV—vis
spectrophotometer (SpectraMax Plus 384, Molecular Devices)
at 25 °C.

pNP-Acetate Assay. Activity toward pNP-acetate was
determined in S0 mM Mops (pH 7.5) at various substrate
concentrations. A pH of 7.5 was chosen because of the lability
of this substrate at alkaline pH. A stock solution was made in 2-
propanol and diluted in buffer to reach appropriate substrate
concentrations. A 10 uL lipase sample was added to each well
of a 96-well microtiter plate. To minimize the adsorption of
lipase to the well surface, nonbinding plates were used. With a
multipipette (Liquidator, RAININ), 190 uL of the substrate
solution was transferred to each well. The increase in
absorbance was detected at 400 nm using a UV—vis
spectrophotometer (SpectraMax Plus, Molecular Devices).

Hydrolysis of pNP-Esters. Hydrolytic activity toward
pNP-ester substrates, pNP-butyrate and pNP-decanoate, was
determined by conducting the assay in two different buffers: (a)
50 mM Tris, 10 mM CaCl,, and 0.4% Triton X-100 and (b) 50
mM Tris, S mM EDTA, and 0.4% Triton X-100 (pH 7.5).
pNP-ester substrates were dissolved in 2-propanol and diluted
in the respective buffers. A 10 uL lipase sample was added to
each well of a 96-well microtiter plate. With a multipipette
(Liquidator, RAININ), 190 uL of the substrate solution was
transferred to each well. The increase in absorbance was
detected at 400 nm wusing a UV-—vis spectrophotometer
(SpectraMax Plus, Molecular Devices).

Fluorescence Spectroscopy. The fluorescence spectra for
all variants were determined in S0 mM MOPS (pH 7.5) with
280 nm excitation measuring the emission in the range of 300—
500 nm. Bandwidths of 10 nm for emission and excitation were
used, and the scan rate was set to 100 nm/min. SYPRO Orange
(SO) (catalog no. $5692, S000X stock concentrate) was diluted
250-fold in SO0 mM MOPS (pH 7.5). Protein samples were
diluted to 0.3 mg/mL. Fifteen microliters of SO and protein
solution was added to a final volume of 30 uL to a white 96-
well MTP (Eurogentec RT-PL96-AFW), reaching a final
protein concentration of 0.15 mg/mL. The plate was sealed
with an optical PCR seal (Eurogentec RT-OPSL 100). Melting
curves for each variant were determined (StepOnePlus Real
Time PCR System, Applied Biosystems) running a temperature
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gradient from 25 to 96 °C at a scan rate of 76 °C/h with an
initial 15 min reaction time at 25 °C. The initial relative
fluorescence intensities between TIL and the variants were used
to determine differences in accessible hydrophobic surface areas
in aqueous solution. The fluorescence was monitored in
intervals of 20 s, using LED blue light for excitation and
emission detected using a Rox filter (610 nm). T, values were
calculated as the maximal value of the first derivative (dIy/
dT).** Also, a hydrophobic surface area binding study was
conducted using 8-anilinonaphthalene-1-sulfonic acid (ANS) as
an extrinsic fluorophore. Crystals were dissolved in DMSO and
further diluted in SO mM MOPS (pH 7.5) to a final
concentration of 1.25 mM. The final protein concentration
was 0.1 mg/mL, with 025 mM ANS. Measurements were
recorded on a fluorescence spectrometer at room temperature
(PerkinElmer, LSSOB) in a quartz cuvette (Hellma QS
105.250). The excitation wavelength was 380 nm with emission
collected from 420 to 620 nm. Bandwidths were set to 10 nm
for both excitation and emission, and the scan rate was 200 nm
min~". Spectra were plotted as averages of three consecutive
measurements.

B RESULTS AND DISCUSSION

The aim of this study was to alter the activation mechanism of
TIL to create variants with the ability to act on water-soluble
substrates in the absence of an interface. To achieve this, the lid
from FAEA was used as a template. One variant was also made
with the entire lid domain from A. terreus lipase to investigate
the differences between incorporating lipase and esterase lids
into the TIL backbone. In this study, the lid region represents
the third a-helix (residues 86—91), the anterior hinge domain
(H1, residues 82—8S), and the posterior hinge domain (H2,
residues 92—98) when the lid is in its closed conformation
(Figure 1).

Variant 1L contained the entire lid from FAEA. To
investigate the effect of lid glycosylation on activity and
activation, variant 2L contained an FAEA-like lid with nearly
the same residue characteristics as 1L, but with the “NYTL”
glycosylation site removed from the lid. Variant 3L was
designed to have both TIL and FAEA character with H1 and a-
helical domains resembling TIL and a H2 domain of FAEA
character. The “PQ” motif at the end of H2 at positions 97 and
98 was found in many hydrolases related to FAEA (Engineering
of Lid Variants) and was therefore included in the lid sequence
of 3L and 3C. To create a variant with a lid locked in its open
conformation, a disulfide bond was engineered into variant 3C
between residues C87 and C62 within and behind the lid,
respectively. Finally, the lid in variant 4L was identical to that
found in AtL. Figure 2 shows the structural representations of
the lid a-helix in each variant in its proposed open
conformation.

Here, the a-helix represents residues 86—93 with H1 and H2
representing residues 82—85 and 94—98, respectively. For lids
in TIL, 4L, 3L, and 3C, the distribution of hydrophobic amino
acids in the o-helix domain is very distinct, supposedly
interacting favorably with the hydrophobic active site cleft
keeping the lid closed in aqueous solutions. Variants 1L and 2L
have a more random distribution of hydrophobic and
hydrophilic amino acids in the helical domain with polar
residues pointing toward the active site cleft.

CD Spectroscopy. To compare protein folding of TIL and
lid variants, far-UV CD measurements were taken to investigate
secondary structure elements (Figure S3 of the Supporting

dx.doi.org/10.1021/bi500233h | Biochemistry 2014, 53, 4152—4160
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Figure 1. Multiple-sequence alignment of the lid domain of each
variant in the TIL backbone spanning 17 residues from position 82 to
98. The lid domain is divided into three motifs according to the crystal
structure with the lid in its closed conformation (PDB entry 1IDT3°):
residues 82—8S, anterior hinge domain (H1); residues 86—91, a-helix;
residues 92—98, posterior hinge domain (H2). Color code: gray for
Gly, green for Ser and Thr, yellow for Pro, orange for Cys, pink for
Asn and Gln, purple for Phe, Tyr, and Trp, red for Asp and Glu, blue
for Arg and Lys, and cyan for Iso, Ala, and Leu. Asterisks denote a
single fully conserved residue; colons denote regions of fully conserved
residues that are highly similar, and the period denotes a region of
conserved residues with a low degree of similarity according to the
Gonnet 250 protein weight matrix. The lid alignment was created
using ClustalX version 1.83.°

Information). The secondary structure analysis indicated that
all lid variants had a structural composition similar to that of
TIL in homogeneous aqueous solutions (Table S3 of the
Supporting Information) with comparable fractions of a-
helices, f-sheets, and turns.

Lipase Activity. Purified variants 1L, 2L, 3L, 4L, and 3C
were assayed to investigate the lipase activity on medium-chain
pNP-decanoate (C10) embedded in a triglyceride layer
composed of triolein (Figure 3). The lipase activity was
determined at pH 8, 9, and 10 (Figure 3A). Variants 1L and 2L
displayed minimal levels of activity, as expected with their
FAEA lid characteristics. However, the activity of variant 2L was
significantly higher than that of variant 1L, demonstrating that
lid glycosylation has a negative impact on activity at the lipid
interface. This agrees with prior studies of lipase activity of an
A. niger lipase variant containing the entire FAEA lid."” Variant
3C, with its lid locked in an open state, had low lipase activity
likely explained by the enhanced rigidity of the lipase structure
caused by the extra disulfide bond and hence decreased
mobility at the interface. Variants 3L and 4L showed high lipase
activity, with 3L displaying nearly 2-fold higher activity than 4L
at all pH values. This result is somewhat surprising given that
the lid in 4L is adapted from a lipase whereas the lid in 3L has
both lipase and esterase character. Furthermore, variant 3L
displayed activity levels that were comparable to that of TIL and
significantly higher at pH 7 and 8. These results underpin the
importance of the large, hydrophobic residues in the a-helix
domain of the lid in maintaining activity at the interface.
However, as indicated by the low activity of variant 3C,
hydrophobic residues do not restore lipase activity if the lid
loses flexibility. As seen from the time plot of the lipase assay,
the activity of TIL and 4L displayed a “lag” phase before the
activity reached its maximal value, a trait characteristic of lipases
(Figure 3B).'"**
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Interestingly, lid modifications toward a more FAEA-like
character eliminated this lag phase, making the variants more
quickly activated at the interface. In particular, the activation of
3L was outstanding, reaching its maximal reaction rate within 2
min compared to approximately 5 min for TIL. This enhanced
rate of activation is ascribed to an altered lid residue
composition supposedly lowering the activation energy of lid
opening and hence decreasing the driving force needed to
obtain activity at the interface. However, future MD simulations
of lid opening should be conducted to confirm this.
Interestingly, 3L contains an HI1 domain and an a-helix
domain of lipase character. Thus, it is likely the residue
composition of residues in the H2 domain in 3L that is
responsible for the altered activation profile.

pNP-Acetate Assay. To investigate the ability to hydrolyze
water-soluble, monomeric substrates, the specific activity
toward pNP-acetate was determined (Figure 4). TIL displayed
the lowest degree of activity, which was comparable to the level
of autohydrolysis of pNP-acetate in SO mM Mops (pH 7.5) at
25 °C. In good agreement with the lid characteristics, variant
4L displayed nearly the same activity levels as TIL, indicating
that the lid opens with a low frequency and hence is mostly
closed in aqueous, monomeric solutions. The activities for
variants 1L and 2L were approximately the same and
significantly higher than that of TIL. However, the highest
activities were displayed by 3C and 3L. For 3C, the high activity
level corresponds well to the proposed disulfide bond
stabilizing an open lid conformation. Interestingly, variant 3L,
with a lid of esterase and lipase character, displayed activity
levels significantly higher than those of 4L and TIL, indicative
of a higher frequency of lid openings in aqueous solution. 3L
also displayed activity levels higher than those of 1L and 2L,
which could be explained by the differences in lid residues
between these variants. In 1L and 2L, Trp89 has been replaced
with a Leu residue. Indeed, previous studies have shown that
site-directed mutagenesis of Trp89 in TIL decreases the
hydrolytic activity toward an array of ester substrates ascribed
to its important role in binding of the acyl chain to the active
site.”> Hence, among other possible explanations, the higher
activity of 3L could be ascribed to the presence of Trp89 in the
lid.

Interestingly, 3L has a distinct distribution of hydrophobic
residues in the a-helix of the lid domain similar to those of TIL
and 4L, which suggests a favorable interaction with the
hydrophobic area around the active site keeping the lid closed
in aqueous solutions. However, as these results indicate, the
energy barrier of lid opening in 3L seems to be sufficiently low
to allow catalysis, suggesting that the hinge domains play a key
role in lid mobility. Again, H1 and the a-helix are similar among
TIL, 4L, and 3L, and the observed difference in activity levels is
therefore ascribed to the residue composition of the H2
domain. Previous studies of lid residue modifications of A. niger
lipase mutants have suggested that the presence of a proline
residue in the hinge domain of the lid region stabilizes an open
lid conformation.”” This is in good agreement with the
presence of Pro97 in the H2 domain of 3L.

IA Assay. The hydrolytic activity as a function of pNP-
butyrate concentration was determined for TIL and variants
below and above the CMC according to previous procedures’
(Figure S). TIL and variant 4L displayed pronounced interfacial
activation at the point of the CMC with a 10-fold increase in
specific activity (Figure SA). Below the CMC, activity was
minimal and ascribed to a closed lid conformation, blocking

dx.doi.org/10.1021/bi500233h | Biochemistry 2014, 53, 4152—4160
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Figure 2. a-helix of the lid (positions 86—93, black lines) in TIL and lid variants presented in the open lid conformation (PDB entry 1EIN®)
displaced from the active site. TIL, 4L, 3L, and 3C possess several large hydrophobic amino acids with a distinct distribution, whereas variants 1L and
2L contain a few, small hydrophobic residues and many polar residues in the a-helix. Amino acids are designated in one-letter code. Residue D62 in
the loop (ribbon) behind the lid is also shown (black lines) with mutation D62C in variant 3C facilitating the formation of a disulfide bond,
stabilizing the lid in its open state. Color code: gray for Gly, green for Thr, yellow for Pro, orange for Cys, pink for Asn and Gln, purple for Trp, red

for Asp and Glu, and cyan for Iso, Ala, and Leu.’!

access of the soluble ester substrate to the active site. However,
FAEA-like lid variants 1L and 2L showed no sign of interfacial
activation with activity levels significantly higher than those of
4L and TIL below the CMC (Figure SC). Variant 3L showed
pronounced interfacial activation but also showed activity
below the CMC (Figure SB). Again, this is attributed to a lower
energy barrier of activation resulting in opening of the lid in the
absence of an interface, agreeing well with the lipase and pNP-
acetate activity results. Variant 3C displayed an FAEA-like
activity profile with marked activity below the CMC with no
observable interfacial activation. Notably, the activity seemed to
reach a plateau as the concentration of the substrate reached
approximately 0.5 mM (Figure SB,C). This could be explained
by product inhibition or formation of premicellar aggregates
forming prior to the CMC. In the latter case, the aggregates
would deprive the population of free, monomeric substrate
molecules and hence retard the rate of hydrolysis for any
variant acting on soluble esters. In either case, the reason for
the observed increase in activity around 1 mM could then be
explained by premicellar aggregates facilitating release of the
product from the active site and thereby increasing the catalytic
rate. Together, these results strongly suggest that it is the open
versus closed state of the lid and the lid residue composition
that determine the interfacial activation dependence in TIL.
Hydrolysis of pNP-Esters. Surfactants have been shown to
affect the hydrolytic activity of TIL.** Hence, activity assays
were conducted with pNP-butyrate and pNP-decanoate as
substrates in buffers containing nonionic surfactant, Triton X-
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100, with and without calcium ions and EDTA (panels A and B
of Figure 6, respectively).

Generally, lid variants displayed activity lower than that of
TIL in calcium-rich buffers. However, for TIL, the hydrolytic
activity was essentially abolished in 5 mM EDTA and 0.4%
Triton X-100, whereas lid variants retained activity levels
between 15 and 100%. In particular, 3C retained full activity
going from conditions with calcium ions to conditions without
(Figure 6C). This is likely ascribed to its open lid
conformation, stabilized by a disulfide bond. Previous studies
investigating the catalytic efficiency toward pNP-decanoate and
palmitate have indicated that micellar concentration of Triton
X-100 completely inhibits TIL activity>> determined in buffers
without calcium, which is thus in fine agreement with our
presented results. Though the crystal structure of TIL does not
contain a calcium binding site, these results indicate that TIL is
pseudodependent on calcium ions for retaining activity in
buffers containing micellar concentrations of a nonionic
surfactant and that the lid region plays a central role in
governing lipase activity and calcium dependency. The activity
levels in this assay are approximately 100-fold higher than that
obtained in the pNP-acetate and IA assay above the CMC. This
dramatic increase in activity in the presence of Triton X-100 is
remarkable. Previous studies have shown that addition of
neutral surfactants at various submicellar and micellar
concentrations increases the catalytic efliciency of lipases in
solution.>* An explanation could be that the pNP-substrate
interacts with the Triton X-100 micelles to become more

dx.doi.org/10.1021/bi500233h | Biochemistry 2014, 53, 4152—4160
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Figure 3. General lipase activity plots. The specific activity for each
variant was determined on pNP-decanoate (100 nmol) embedded in a
triolein layer (100 nmol). The assay was conducted in 100 mM Tris
and 1 mM CaCl, (pH 7, 8, 9, and 10). The assay was conducted at 25
°C for 10 min. The specific activity was calculated from the steepest
slope (A). Time plot of the optical density (OD) increase as a function
of time at pH 8. The average of three absorbance measurements
including the standard deviation was calculated at each time point (B).
The final lipase concentration was 2 pg/mL. Error bars denote the
standard deviation. Experiments were conducted in triplicate.
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Figure 4. Specific activity of pNP-acetate as a function of
concentration. Activity measured in SO mM MOPS (pH 7.5) at 25
°C for 3 min. The final lipase concentration was ~15 ug/mL. Activity
determined from the steepest slope after background subtraction.
Measurements were taken in triplicate. Error bars denote the standard
deviation.

accessible for the lipase. The mode of pNP-substrate—Triton X-
100 interaction is not fully understood and should be
investigated in the future.

Fluorescence Spectroscopy. TIL contains four trypto-
phan residues. Studies have shown that Trp89, located in the lid
of TIL, is the main contributor to the fluorescence signal
detected at 340—350 nm.>® This is explained by the fact that
the three other tryptophans are buried in the interior of the
protein and have lower mobility.”” Hence, to probe the
microenvironment, the emission spectrum for each variant and
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Figure 5. Interfacial activation assay showing the specific activity as a
function of the concentration of pNP-butyrate in 50 mM MOPS (pH
7.5) at 25 °C. (A) Lipase constructs TIL and 4L. (B) FAEA/TIL
constructs 3C and 3L. (C) FAEA constructs 1L and 2L. The black
arrow denotes the point of CMC (~1.5 mM) of pNP-butyrate.9 The
final lipase concentration was ~15 pg/mL. The assay was conducted
for 3 min, and the activity was determined from the steepest slope after
background subtraction. Error bars denote the standard deviation.
Activity was determined in triplicate.

TIL was determined (Figure S4 of the Supporting Informa-
tion). TIL and 4L both displayed a single emission peak at 338
nm. For variant 3L, the profile displayed a double peak with
emission maxima at 338 and 340 nm ascribed to two
conformers in solution, a closed form and an open form. For
variant 3C, one peak was observed at 345 nm. The red shift to
longer wavelengths indicates that Trp89 in variant 3C is more
exposed to the polar solvent and hence further suggests the
presence of a disulfide bond that locks the lid in an open state.
With no Trp89 residue, variants 1L and 2L displayed a blue-
shifted emission peak at 318 nm in agreement with previous
studies of a TIL Trp89Leu mutant.”®

Melting Curve and Accessible Hydrophobic Surface
Area. The stability of TIL and lid variants was determined by
running a thermal melt assay measuring the fluorescence
intensity from binding of SO as a function of temperature
(Figure SS of the Supporting Information). Generally, lid
variants were relatively more unstable than TIL with a decrease
in T, of up to 14 °C (Table 1). Noticeably, the extra disulfide
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Table 1. Spectral and Structural Properties of TIL and Lid
Variants

. T, b ANS®
TIL 338 72 S11
4L 338 60 S10
3L 338 61 492
340
3C 345 67 485
2L 318 59 462
1L 318 58 460

“Intrinsic protein fluorescence. Emission maxima determined from the
average of three consecutive measurements. bMelting temperature
determined from quadruplicate measurements, with a SD of +0.4 °C
according to previous studies.>® “Emission maxima after ANS binding
at room temperature. Excitation at 380 nm and emission range of
420—620 nm. Average of three consecutive measurements.

bond in 3C compared to 3L increased the melting temperature
by 6 °C. To investigate the open versus closed state of the lid
for each lid variant, a hydrophobic surface area binding assay
was set up using SO and ANS as extrinsic fluorophores (panels
A and B of Figure 7, respectively).

In the SO assay, variants 3L and 4L showed approximately
the same magnitude of fluorescence as TIL whereas variants 1L,
2L, and 3C displayed 6.5—10-fold increased fluorescence
intensities. These findings suggest that a large hydrophobic
surface area is exposed in variants 1L, 2L, and 3C, indicating
that the lid is open, which correlates with the activity assays.
The SO assay was conducted on a filter-based gPCR machine,
so hypso- or bathochromic shifts were not detectable. To
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investigate spectral shifts, the ANS assay was conducted on a
monochromator-based fluorescence spectrometer. For TIL and
4L, the emission maximum was nearly the same as for ANS in
buffer, around 510 nm, indicating no particular binding of ANS.
For variant 3L, the emission maximum was blue-shifted to 492
nm, indicating a more hydrophobic environment for ANS.
Variant 3C displayed a further blue shift to 485 nm.
Interestingly, variants 1L and 2L showed the largest blue shifts
of all, with peaks around 460 nm indicating a more
hydrophobic and stronger binding of ANS to the protein. To
make sure that the observed blue shifts are caused by
hydrophobic interaction and not dominated by electrostatic
contributions, future assays with neutral, positive, and negative
solvent sensitive probes should be conducted.

B CONCLUSION

Several studies have highlighted the lid’s central role in
governing substrate specificity,’® enantioselectivity,* and
catalytic mechanism® in TIL and other lipases."®'*" Here,
we have used a combination of activity assays and spectroscopic
investigations to elucidate a correlation between the character-
istics and the open versus closed state of the lid in a series of
variants in aqueous solution, in vitro. These results indicate and
support previous findings that the lid equilibrium for TIL is
strongly shifted to the closed state in homogeneous aqueous
solutions (Figure 8).

Via adoption of a FAEA lid residue composition, the study
shows that the lid equilibrium is shifted toward an open state in
aqueous solution. Variants with a FAEA-like lid adapt interfacial
independence with an open lid conformation in the absence of
an interface ascribed to a lowering of the activation energy of
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Figure 8. Closed lid (PDB entry 1DT3, cyan) and open lid (PDB
entry 1EIN, orange cartoon representation) in the T. lanuginosus lipase
backbone (white ribbon). As proposed from the presented results, the
TIL lid equilibrium (black arrows) is strongly shifted to the closed
state in homogeneous aqueous solutions. As the lid adapts
characteristics of FAEA, the lid equilibrium is shifted to the open
state. Upon opening, the lid moves away from the active site, exposing
a large hydrophobic patch (orange surface), rendering the active site
accessible for the substrate. The catalytic triad is shown as green sticks.
Residue Asp62 (orange sticks) is highlighted behind the lid.*!

lid opening. However, these variants were nearly inactive at the
water—lipid surface and thus lost lipase activity. To the best of
our knowledge, this work presents the first examples of lipase
variants with mutations spanning the entire lid region (H1, H2,
and a-helix) that contain residues from FAEA and related
hydrolases. This approach has facilitated the generation of TIL
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variants with intermediate lids of both esterase and lipase
character. Interestingly, these results reveal that it is possible to
embrace functionality from both worlds to make lipase variants
with high lipase activity, fast activation at the lipid interface, and
an ability to act on water-soluble substrates, including an
enhanced degree of calcium independence.

B ASSOCIATED CONTENT

© Supporting Information

An alignment of the FAEA-related hydrolases from the PSI
search containing the “PQ” motif in the H2 domain of the lid
region at positions 97 and 98 (TIL numbering), a table of the
primers used to generate the lid variants, a table showing the
calculated and observed molecular weights of each lid variant
and TIL determined by LC-ESI-TOF MS, an alignment of the
entire primary sequences of the TIL and lid variants presented
in this study, CD spectra and table showing secondary
structural elements of TIL and lid variants, a figure showing
the fluorescence spectra of TIL and lid variants, and figures
showing the fluorescence intensity as a function of temperature
for TIL and lid variants in the thermal melt assay using SYPRO
Orange. This material is available free of charge via the Internet
at http://pubs.acs.org.
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