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• The conformation and oligomeric state of
a commercial lipase (TLL)were evaluated.

• SAXS data evidenced the presence of
monomers and dimers of TLL in solution.

• Mass spectrometry analysis confirmed
that TLL is present in both forms.

• The presence of dimeric species might
compromise overall enzyme activity.
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Lipases are triacyl glycerol acyl hydrolases, which catalyze hydrolysis of esters, esterification and
transesterification reactions, among others. Some of these enzymes have a large hydrophobic pocket covered
by an alpha-helical mobile surface loop (the lid). Protein–protein interactions can occur through adsorption of
two open lids of individual lipases. We investigated the conformation and oligomeric state of Thermomyces
lanuginosus lipase (TLL) in solution by spectroscopic and mass spectrometry techniques. Information about olig-
omerization of this important industrial enzyme is only available for TLL crystals; therefore, we have done a
throughout investigation of the conformation of this lipase in solution. SDS-PAGE andmass spectrometry analysis
of size-exclusion chromatography eluted fractions indicated the presence of both monomeric and dimeric pop-
ulations of TLL. The stability of the enzyme upon thermal and guanidine hydrochloride treatment was examined
by circular dichroism andfluorescence emission spectroscopy. Small angle x-ray scattering and ionmobilitymass
spectrometry analysis revealed that TLL is found as amixture ofmonomers and dimers at the assayed concentra-
tions. Although previous x-ray diffraction data showed TLL as a dimer in the crystal (PDB: 1DT3), to our knowl-
edge our report is the first evidencing that TLL co-exists as stable dimeric and monomeric forms in solution.
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1. Introduction

Lipases are carboxyl-esterases that catalyze the hydrolysis of long-
chain acylglycerols [1]. Despite these enzymes are diverse in their
amino acid sequences, previous crystallographic analysis revealed their
typical α/β hydrolase scaffold, with catalytic residues constituted by a
highly conserved trypsin-like triad of Ser–His–Asp(Glu) residues [2].

The lipase from Thermomyces lanuginosus (TLL) (previously
Humicola lanuginosa) is obtained as a commercial soluble lipase prep-
aration supplied by Novozymes® and is produced by a genetically
modified strain of Aspergillus oryzae. The molar mass of this lipase is
~30 kDa, and it is mono-glycosylated at Asn33, which adds approxi-
mately 2 kDa to the final mass of the native enzyme [3]. The TLL has
269 amino acid residues in its primary sequence, four of which are
tryptophan (89, 117, 221 and 260). Thus, an efficient method to follow
the protein unfolding is tomonitor Trp fluorescence upon application of
physical or chemical variables [4]. Besides, as a consequence of the
proximity of Trp89 to the active site, changes in its fluorescence emis-
sion can be related to conformational changes in the active site, specif-
ically in the lid.Moreover, Trp89 seems to be important for the catalysis,
while Trp residues 117, 221 and 260 have been reported to participate
in the structural stability of T. lanuginosus lipase, as seen by steady-
state and time resolved fluorescence spectroscopy of wild-type and
TLL mutants [5].

X-ray diffraction studies showed that the TLL presents a central
eight-stranded predominantly parallel β-sheet structure, with
five interconnecting α-helices [2]. The lid is an α-helical mobile
surface loop that covers the active site [2], and the catalytic
triad of Ser146-Asp201-His258 is similar to those seen in serine
proteases [5].

Despite that TLL crystallographic studies evidenced three distinct
conformational states, an unstable intermediate form and two stable
forms (closed and open lid conformations) [2], it is suggested that the
enzyme conformation is closed in aqueous environments; thus, the ac-
cess to the catalytic triad would be blocked by the lid. It was also shown
that when TLL is bound to substrate analogs, the helix forming the lid is
displaced and the active site becomes exposed [4].

In contrast, it was reported that lipases might crystallize in their
open conformation without the presence of substrates or inhibitors,
suggesting that exposition of hydrophobic areas surrounding the active
center occurs in the unbound enzyme. The exposed large hydrophobic
pocket can promote the association between two open lipases, hence
enabling oligomer formation [6].

Dimerization of the lipase of Pseudomonas fluorescenswas proposed
previously [7]. Reduced activitywas observed at higher enzyme concen-
trations, indicating that dimers are less active than monomers. Besides,
when detergents such as Triton Xwere added in the solution, there was
no difference in activities of preparations with different lipase concen-
tration, indicating dissociation of dimers into monomers. The same be-
havior was observed for the lipase from Alcaligenes sp. [6]. Additionally,
it was shown that Alcaligenes sp. lipase dimersweremore stable to ther-
mal denaturation than the monomers [6].

Some authors suggest that the T. lanuginosus and Mucor miehei
(MML, Novozym® 388) lipases have a strong tendency to dimerize,
even at very low protein concentrations [8,9]. However, the existence
of TLL dimers in solution is still controversial, and the structure and
conformation of this species were not evaluated in aqueous solution.
Dimeric forms of these lipases were only investigated for immobilized
enzymes, in the presence or absence of detergents, or by gel exclusion
chromatography, mainly with enzyme concentrations higher than
300 μg/mL. Only a small percentage of dimers was found at lower con-
centrations (below 50 μg/mL) [8].

For the TLL, another indication of its tendency to form dimers
(i.e., less active species) is the fact that solubilizing the enzyme in the
presence of detergents leads to an increase in the activity by more
than one order of magnitude [10]. This fact is not related to the
interfacial activation, but rather to the dissociation of intermolecular in-
teractions that keep the enzyme in the dimeric conformation.

Here we investigated the conformation and oligomeric state of the
native T. lanuginosus lipase through size-exclusion chromatography
(SEC), small angle x-ray scattering (SAXS) and Electrospray Ionization–
Ion Mobility Spectrometry–Mass Spectrometry (ESI–IMS–MS) in aque-
ous phase. SAXS and ESI–IMS–MS techniqueswere employed to evaluate
the conformation and oligomerization state of TLL in solution, since they
are powerful tools to study biological systems in conditions close to
physiological [11–14]. Moreover, the stability of the enzyme upon
thermal and guanidine hydrochloride (GdnHCl) denaturation was
investigated by circular dichroism (CD) and intrinsic fluorescence
spectroscopy, to provide structure–stability relationships. Using such
methodologies, the present study shows that TLL is present as a mixture
of dimeric and monomeric states in solution.

2. Materials and methods

2.1. Materials

T. lanuginosus lipase (TLL) was obtained as crude extract from
Novozymes® (Bagsvaerd, Denmark) and its concentration was deter-
mined by the Bradford method [15] or, for the purified enzyme, by its
extinction coefficient at 280 nm (36,900 M−1 cm−1), calculated from
the TLL primary sequence in http://web.expasy.org/protparam/.
GdnHCl (99.9% pure) and the purified enzymes for SEC analysis were
acquired from Sigma-Aldrich (St. Louis, MO, USA). Buffers used in the
experiments were sodium phosphate and tris(hydroxymethyl)
aminomethane from VETEC (Duque de Caxias, RJ, Brazil). The SDS-
PAGE standard used was Precision Plus Protein™ Dual Color (Bio-Rad,
CA, USA), containing a mixture of 10 recombinant proteins (from 10
to 250 kDa).

2.2. Size-exclusion chromatography (SEC)

The enzyme was purified by SEC using TSK gel 3000 (7.5 mm
ID × 30 cm × 10 μm) (TosoH Corp., Tokyo, Japan) or Superdex
75 10/300 GL (GE Healthcare, USA) columns in a Jasco PU 2089
Plus chromatograph (Jasco Corp., Japan). Elution was done in
50 mM phosphate buffer, pH 7.0, at flow rates of 1.0 mL/min or
0.5 mL/min for TSK or Superdex columns, respectively. The collected
aliquots were analyzed by SDS-PAGE (12.5%) and further lyophi-
lized. The calibration curve was made using the purified proteins
from Sigma-Aldrich: lysozyme (14.3 kDa), carbonic anhydrase
(29 kDa), ovalbumin (45 kDa), BSA (66 kDa) and β-amylase
(200 kDa). The chromatographic run was monitored with a UV-
absorption detector at 280 nm.

2.3. Enzyme activity

The lipase activity was determined as described by Invernizzi
et al. [16]. The measurements were made by following the increase
in absorbance at 410 nm generated by the release of p-nitrophenol
produced by the hydrolysis of 5 mM p-nitrophenyl palmitate
(dissolved in isopropanol) in 100 mM Tris–HCl buffer, pH 7.5, sup-
plemented with 0.005% Triton X-100 at room temperature. The en-
zyme and substrate solution were heated separately at different
temperatures and the reaction was started with the lipase addiction,
as described [16].

2.4. Intrinsic and extrinsic fluorescence measurements

Fluorescence measurements were carried out in a Jasco FP 6300
spectrofluorimeter (Jasco Corp., Japan) with excitation set at 280 nm
and emissionwasmonitored from300 to 420 nm. The center of spectral
mass values ‹λ› of TLL fluorescence emission spectra were calculated

http://web.expasy.org/protparam/)
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using the equation below (Eq. (1)), where Fi is the fluorescence emitted
atwavelength λi, and the summation is conducted over the range of ap-
preciable values of F:

λh i ¼
X

λi Fi=
X

Fi ð1Þ

1,8 ANS fluorescence. A stock solution of 1-anilinonaphthalene-8-
sulfonic acid (1,8-ANS) (Sigma-Aldrich, USA) was prepared at 500 μM
in methanol. TLL samples at 4 μM in 100 mM Tris–HCl buffer, pH 7.5,
containing 1,8 ANS at 40 μMwere incubated in the presence of increas-
ing GdnHCl concentrations for 10 min prior to measurements. 1,8 ANS
binding to TLL was investigated by exciting samples at 360 nm and re-
cording emission from 400 to 600 nm.

2.5. Circular dichroism (CD)

Far-UV CD spectra (250–190 nm) were recorded in a Chirascan
spectropolarimeter (Applied Photophysics, UK) coupled to a thermal
bath, with temperature controlled with a Peltier device. TLL samples
were analyzed at 100 μg/mL in 100 mM sodium phosphate buffer,
pH 7.0 in a 2.00 mm path-length quartz cuvette. For thermal-induced
unfolding, the ellipticity value at 222 nm was recorded while the tem-
perature was increased at 1 °C/min (from 25 to 90 °C). A CD spectrum
(250–190 nm) was collected at every 5 °C.

2.6. Thermal and guanidine hydrochloride denaturation

The stability of the enzyme upon physical (temperature increase)
and chemical (GdnHCl addition) treatments was investigated by CD
and fluorescence emission spectroscopy. Native protein samples were
prepared in 100 mM phosphate buffer (pH 7.0) at 1.0 mg/mL and rap-
idly diluted (10 fold) into solutions with increasing GdnHCl concentra-
tions. The final enzyme concentration was 100 μg/mL in all samples.
Conformational changes upon unfoldingweremonitored by tryptophan
fluorescence emission (excitation at 280 nm) and by Far-UV CD (from
250 to 190 nm), as described in previous items of the Methods section.

2.7. Small angle x-ray scattering (SAXS)

Small angle x-ray scattering (SAXS) experiments were performed at
the SAXS2 beamline of theBrazilian Synchrotron Light Laboratory (LNLS,
SP, Brazil). A monochromatic X-ray beamwas used (λ = 1.488 Å) with
the sample to detector distance set at ~975 mm. Scattering data were
recorded (each frame collected for 300 s) using a two-dimensional
position-sensitive MARCCD detector. The SAXS curves were corrected
by the buffer scattering taking into account the sample's attenuation.
The raw extract of T. lanuginosus enzyme was analyzed at 27 mg/mL,
and the TLL diluted in 100 mM Tris–HCl buffer, pH 7.0, was analyzed
at 5.4 and 2.7 mg/mL final concentrations.

Briefly, the SAXS intensity, I(q), of an isotropic solution of non-
interacting scattering particles can be described as [17–19]:

I qð Þ ¼ k npP qð Þ ð2Þ

where np corresponds to the particle number density and k is an
unknown factor related to instrumental effects (q = 4πsinθ/λ is the
scattering vector, being 2θ as the scattering angle). P(q) in Eq. (2),
gives information about the scattering particle size and shape and it
is known as the particle form factor. Noteworthy, considering the
methodology applied in the present study, kmust be the same for differ-
ent scattering curves acquired with the same experimental setup.

The pair distance distribution function, p(r), can be extracted from
the experimental scattering curve using the Indirect Fourier Transform
(IFT) methodology, which can be applied in the case of non-
interacting systems [17–19] (Eq. (2)). The p(r) function provides the
structural features of the scattering particles, such as the particle
maximum dimension, Dmax, and its radius of gyration, Rg. In the current
study, we used GNOM software [20,21] to generate the p(r) functions
from the experimental I(q) curves.

Besides, in order to calculate the theoretical protein form factors,
P(q), and to fit the experimental data, GENFIT software [22–24] was
employed. This methodology assumes that the protein crystallographic
structure is known and follows the procedure described in Ortore et al.
[25]. This is a very efficient and precise methodology to calculate the
protein scattering curve [22–26]. However, one should bear in mind
that it assumes that the protein tertiary structure in the crystal (PDB
file) and in solution are the same. Details are described elsewhere
[23,25].

As it will be shown later in the text, there are some cases when the
protein scattering curvewill be described as a sum ofmonomers and di-
mers (PDB: 1DT3) in solution. In such data analysis the effective form
factor of scattering particles is given by a weighted sum of the form
factor of the dimers, PD(q) and monomers, PM(q) (Eq. (3)); both form
factors were calculated and fitted to the experimental SAXS curve
using GENFIT software [23–26].

Following this methodology and assuming that the interactions be-
tween monomer–monomer, dimer–dimer and monomer–dimer can
be neglected, the scattering intensity of a sample composed of mono-
mers and dimers in equilibrium, i.e., the total amount of eachpopulation
does not change along time, can be written as (Eq. (3)):

I qð Þ ¼ knp WDPM qð Þ þ 1−WMð Þ
2

PD qð Þ
� �

ð3Þ

where np is the protein concentration, wM is the amount of protein in
themonomeric form, and PM(q), PD(q) are themonomer and dimer the-
oretical form factors, respectively. This SAXS analysis was performed
with GENFIT software, as described [25]. Besides, the Global Fit proce-
dure (GENFIT software) allows the analysis of several scattering curves
concomitantly [22–26], connecting different parameters of different
scattering curves. Following such methodology, both k, which must be
the same for the scattering curves, as well aswM are only fitting param-
eters. Besides, the experimental factor kwas kept the same for the SAXS
curves of TLL at 2.7 and 5.4 mg/mL, during the χ2 minimization. Further
details can be found in [26].

The best solution was then obtained by minimizing the reduced χ2

[23–26], in a simulated annealing process [27]. By doing so, a value of
k = (2.51 ± 0.03) x 10−2 was obtained for the two SAXS curves,
which corresponds to the common unknown instrumental factor
(Eq. (2)). Thus, this methodology was able to calculate the unknown
experimental factor k, within a ~1% variation.

2.8. In-gel digestion (IGD) andmass spectrometry analysis of excised bands

TLL samples (after SEC and the rawextract)were analyzed in a 12.5%
SDS-PAGE and stained with coomassie brilliant blue. The bands corre-
sponding to the monomer (~30 kDa) and dimer (~50 kDa) were ex-
cised. In-gel digestion was performed as described in the University of
San Francisco IGD protocol (http://msf.ucsf.edu/ingel.html). Briefly,
30 μL of Trypsin Gold, Mass Spectrometry Grade (Promega, WI, USA)
was added to cover the dried gel pieces and the reaction was allowed
to proceed at 37 °C for 16 h. The aqueous-extracted peptides were col-
lected and placed in fresh tubes. To the gel pieces, 50% acetonitrile/5%
formic acid was added, incubated for 30 min in a vortex and sonicated
for 5 min to enhance peptide recovery. The digested sample was
loaded onto a 100 μm × 100 μm C18 column and analyzed in a
Micromass Q-ToF micro (Waters Corporation, USA) at the UEMP, UFRJ.
This procedure was performed for both themonomer and dimer bands.

MS/MS data obtained were analyzed using the web-based Mascot
tool MS/MS Ion Search (www.matrixscience.com), using the SwissProt
database, under all taxonomic categories. As for the peptide search,
two missed trypsin cleavages were allowed, mass tolerance was

http://msf.ucsf.edu/ingel.html)
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Fig. 1. Size exclusion chromatography and SDS-PAGE analysis of purified TLL samples. A.
SEC profile of Thermomyces lanuginosus lipase in a TSK gel column (absorbance:
280 nm). Elution was done with a flow rate of 1.0 mL/min in 50 mM phosphate buffer,
pH 7.0. Numbers 1 and 2 refer to collected samples that were applied in the SDS-PAGE.
B. Molecular weight analysis of eluted fractions collected after SEC by SDS-PAGE. SEC-
eluted samples were resolved in 12.5% SDS-PAGE and silver-stained. The first lane corre-
sponds to themolecular weightmarkers (MW values are shown in the left, offset). 1, frac-
tion eluted at 10–12 min; 2, fraction eluted at 8–10 min; 3 and 4, fractions eluted at
6–8 min; 5, denatured andboiled TLL at 200 μg/mL; 6 and 7, native TLL at 200 μg/mL. Frac-
tions collected from SEC were not treated with β-mercaptoethanol. The arrow (lanes 3 to
7) indicates the TLL SDS-resistant dimer.
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1.2 Da for precursor ions and 0.6 Da for daughter ions, and nomodifica-
tionswere includedon the search. The significance threshold for protein
family determination was P b 0.05.

2.9. Matrix-assisted laser desorption and ionization-time-of-flight mass
spectrometry (MALDI-ToF-MS)

The main peak eluted from SEC was analyzed by MALDI-ToF-MS by
mixing equal volumes of 0.07 mM TL lipase with 50% acetonitrile in
water containing 0.1% trifluoroacetic acid (TFA) and 10 mg/mL
sinapinic acid. Samples were then spotted onto a stainless steel plate
and subjected to MALDI-ToF-MS in an Aulex Speed spectrometer
(Bruker, USA) in positive linearmode. Datawere exported and analyzed
using mMass [28].

2.10. Electrospray ionization–ionmobility spectrometry–mass spectrometry
(ESI–IMS–MS)

Measurements were performed in a SYNAPT High Definition Mass
Spectrometer (HDMS) (Waters, Brazil). TLL samples were diluted to
158 μg/mL (5 μM) in 100 mM ammonium acetate buffer pH 7.0 and
injected at a rate of 10 μL/min. Measurements were performed in posi-
tive ESI mode, with a capillary voltage of 3.0 kV and N2 at 0.4 bar. Data
processing was performed for 8 min accumulation, from data acquired
over the range of m/z 1,000 to 4,000 with repeated 3 s acquisition
time per point. Mass calibration was routinely performed with GFP
cleavage peptides mass spectrometry standard (Waters). Other typical
instrumental settings are as described previously [14]. Data were
analyzed using DriftScope 2.1 (Waters Corporation, Brazil) [29]. The
deconvolution of the mass spectra was conducted by using the MaxEnt
1 algorithm as implemented in the MassLynx software.

3. Results and discussion

3.1. Analysis of purified T. lanuginosus lipase (TLL) by SDS-PAGE and mass
spectrometry

For carrying out the thermal and chemical stability studies, TLL was
purified from the commercial solution by SEC in TSK 3000 or Superdex
75 columns. Absorbance was followed at 280 nm and a major intense
elution peak was observed (Fig. 1A, peak 2), preceded by a small peak
(Fig. 1). The estimated hydrodynamic radii (Rh) of the species eluted
in the main peak and in the first peak (lower retention time) were
28.8 Å and 30.2 Å, respectively (Fig. 1A); this estimative was obtained
from a calibration curve generated with standard proteins, as described
elsewhere [30]. The integral area of SEC was calculated using the Fityk
software [31]. The monomer/dimer ratio was 20.7, which means that
at a final calculated concentration of 111 μg/mL, TLL is populated as
95.4% monomers and 4.6% dimers.

SDS-PAGE (12.5%) analysis of the SEC-collected samples and the
native TLL showed two major bands, one around 50 kDa and the other
between 25 and 37 kDa (Fig. 1B); according to TLL's primary sequence,
the expected molecular masses for monomer and dimer are 29.3 kDa
and 58.6 kDa, respectively. Band intensity analysis of the native TLL in
SDS-PAGE (Fig. 1B, lane 6) using ImageJ software [32], revealed a
monomer/dimer ratio of 3.34, meaning that, at 200 μg/mL, TLL is
present in the monomeric form at 77% and at 23% in the dimeric form.

To verify if the highermolecularweight species observed in the SDS-
PAGE (and eluted after SEC) belongs to a TLL dimer, in-gel digestion of
excised bands was performed as described in the Materials and
Methods section. Sampleswere further analyzed by electrospray ioniza-
tion quadrupole time-of-flight mass spectrometry (ESI-Q-TOF). We ob-
tained 56% and 46% sequence coverage for the monomer and ~50 kDa
(possible TLL dimer) excised bands, respectively. A MASCOT database
search (www.matrixscience.com) defined the peptides as correspond-
ing to the lipase from T. lanuginosus, supporting our hypothesis that
the band observed at ~50 kDa corresponds to TLL dimers. Moreover,
our data indicate that the TLL dimer is SDS-resistant, as this band was
observed in denaturing conditions in the SDS-PAGE. This behavior is
not uncommon, it was already reported that even the monomeric
form of TLL is SDS-resistant [33], and detergent-resistant dimers were
also observed for other proteins, such as β-glycosidase [34].

To confirm that the purified fraction contained native lipase, activity
measurements were done revealing 0.2 U/mg of hydrolytic activity for
the monomer, using p-nitrophenyl palmitate as a substrate. This value
was consistent with other studies, considering the lower enzyme con-
centration used in our study [35,36].

3.2. Thermal stability: structure–activity relationship

TLL thermal stability (heating up to 90 °C) was evaluated by far-UV
circular dichroism and activity measurements. Far-UV CD spectra pre-
sented dominance of characteristic signals of α-helices and the second-
ary structure changes were monitored at 222 nm. There was a loss of
only ~10% of the native secondary structure at 65 °C, while at 87 °C
the enzyme lost 50% of its secondary structure content (Fig. 2A).
Deconvolution of the CD spectra using different algorithms [37–39]
showed that the α-helical content was reduced when temperature

http://www.matrixscience.com)


Fig. 2. Structure and activity changes of TLL upon thermal unfolding. A. Thermal stability of
TLL evaluated by circular dichroism. The temperature was increased at 1 °C/min (from 25
to 90 °C) and a CD spectrumwas collected at every 5 °C. After achieving the highest tem-
perature, the enzyme solution (at 100 μg/mL in 50 mM phosphate buffer, pH 7.0) was
cooled back to 25 °C. B. Enzyme activity data were obtained by p-nitrophenyl palmitate
hydrolysis and the activity at 25 °C was determined as 100%. One international unit of ac-
tivity (U) is defined as the mass (grams) of enzyme that hydrolyzes 1 μmol of p-
nitrophenyl palmitate per minute under the conditions described in theMethods section.
CD molar ellipticity values at 222 nm [θ] were monitored to follow protein unfolding.

Table 1
Thermal-dependent activity of TL lipase.

Temperature (°C) Activity (%)

25 °C 100 ± 6.3b

35 °C 93.2 ± 6.5
45 °C 86.2 ± 2.0
55 °C 82.9 ± 3.4
60 °C 82.4 ± 3.4
65 °C 62.3 ± 10.9
70 °C 24.8 ± 5.7
75 °C n.d.c

25°Ca 22.4 ± 2.1

Activity was measured as the hydrolysis of 5 mM p-nitrophenyl
palmitate, as described in the Material and Methods section.

a After cooling back to 25 °C.
b Activity considered 100% was 0.164 ± 0.01 U/mg. The final

TLL concentration was 41 μg/mL.
c Non-detected.
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was increased to 85 °C, while the β-sheet content increased (Table S1).
The gain in β-sheets indicates that TLL is suffering temperature-induced
aggregation (build up of intermolecular interactions), as previously ob-
served for other proteins [40]. It is important to stress that, although
deconvolution can provide information about secondary structure
elements, we have focused our analysis in the overall protein conforma-
tional changes. Although a gradual loss inα-helical secondary structure
was observed when temperature was increased to 90 °C, the high ther-
mal stability of TLL was evidenced by a Tm of 73.6 ± 0.8 °C (calculated
from the plot shown in Fig. 2B). These results are consistent with
previous CD and differential scanning calorimetry studies [41].

These secondary structure changes were correlated with the hydro-
lytic activity of the lipase at studied temperatures (Table 1). Activity
measurements showed that p-nitrophenyl palmitate hydrolysis did
not change significantly up to ~60 °C (Fig. 2B). Small conformational
changes would compromise the functionality of this lipase, as observed
at 65 °C, where while activity decreased to 62%, only ~10% of the native
secondary structure was lost (Fig. 2A). Although the enzyme still
retained part of its native secondary structure at high temperatures
(Table S1), no activity was detected at 75 °C (Table 1). Even though
the CD spectrum of TLL after return to 25 °C showed major recovery
of its native secondary structure (Fig. 2A), as also described previously
[41], only 22% of the initial TLL activity was observed (Table 1, Fig. 2B).
This result might be explained by subtle conformational changes that
are important for the enzyme activity. Structural changes caused by
high temperatures might take place close to the TLL active site,
explaining the substantial loss in activity after the temperature curve.

3.3. Unfolding of TLL by guanidine hydrochloride

The unfolding of TLL was observed by incubation with the denatur-
ant agent guanidine hydrochloride (GdnHCl). Changes in the secondary
structure of the enzyme were observed by CD upon incubation with
GdnHCl at increasing concentrations (Fig. 3A). A slight increase in the
secondary structure content (4 to 6%)was observed at lowGdnHCl con-
centrations (up to 2 M), suggesting population of an intermediate state,
which could be in a molten globule conformation [42,43]. Above 3 M
GdnHCl, a cooperative unfolding process was observed, suggesting
that complete unfolding was achieved at ~5 M of chemical denaturant.

Evaluation of the changes in the fluorescence emission of TLL trypto-
phan residues is useful to follow protein folding and stability. The Trp
residue located at position 89, in the lid, is responsible for 60% of TLL
emission fluorescence [44], and this behavior is a consequence of the
low fluorescence emission of the other three Trp residues (Trp117,
Trp221, and Trp260), as described [45].We have thus evaluated TLL ter-
tiary structure changes induced by chemical unfolding with GdnHCl
(Fig. 3B). A red-shift of the TLLfluorescence emission spectrumupon in-
cubation with increasing GdnHCl concentrations was observed
(Fig. 3B). This shift reveals an increased average exposure of tryptophan
residues to the aqueous phase.

Changes in center of spectral mass values, i.e., changes in the Trp en-
vironment, were correlated with loss of ellipticity at 222 nm (Fig. 3C),
showing that the enzyme loses both secondary and tertiary structure
cooperatively and concomitantly upon GdnHCl unfolding. The values
of [GdnHCl] corresponding to the midpoints of the transition curves
(G1/2) were 3.78 ± 0.03 M and 3.86 ± 0.04 M, from fluorescence and
CD data, respectively (Fig. 3C). Our fluorescence data are consistent
with previous intrinsic fluorescence and anisotropy measurements,
which showed that the effects of GdnHCl in the protein seem to be com-
plete around 5 M of the chaotrope and the midpoint of transition was
obtained with ~4 M GdnHCl [3,4].

Although TLL GdnHCl-induced unfolding proceeded as a two-state
mechanism (native and unfolded) with no evidence for stable interme-
diate states (Fig. 3C), intermediate states were reported in previous
work [4], but could only be detected with time-resolved techniques,
as stopped-flow fluorescence spectroscopy.

To identify possible intermediate states during TLL unfolding that
were not visualized by GdnHCl treatment, the enzyme was incubated
with thefluorescent probe 1,8-ANS. This hydrophobic dye binds partial-
ly folded protein species and binding is accompanied by an increase in
1,8-ANS fluorescence emission [46]. Thus, based on the affinity of this
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Fig. 3. Secondary and tertiary structure changes of TLL induced by chemical unfolding. A.
Chemical unfolding of Thermomyces lanuginosus lipase followed by CD. TLL was incubated
with increasing GdnHCl concentrations and, after 30 min incubation, CD spectra were re-
corded from250 to 200 nm(data is only shown from 215 nm, as GdnHCl strongly absorbs
below this wavelength). B. Chemical-induced TLL tertiary structure changes. Fluorescence
emission spectra of TLL in the presence of increasing GdnHCl concentrationswere record-
ed. Excitation was set at 280 nm. C. Effect of [GdnHCl] on the tertiary (fluorescence inten-
sity) and secondary (CD) structure of TLL. CalculatedΔG0was 9.05 and8.35 kcal/mol from
the fluorescence data and the CD data (assuming a two-state transition), respectively. El-
lipticity values at 222 nm (ε222nm)were collected and results are displayed as fraction un-
folded (α) (α = (ε222nmobs − ε222nmI) / (ε222nmF − ε222nmI)), where I stands for the
initial value of ε222nm (in the absence of GdnHCl) and F stands for the final value of
ε222nm (in 6 M GdnHCl). For the fluorescence emission we used the center of spectral
mass values for calculation. TLL was analyzed at 100 μg/mL in 50 mM phosphate buffer,
pH 7.0.

Fig. 4. 1,8-ANS fluorescence emission upon incubationwith increasing GdnHCl concentra-
tions. The TLL at 4 μM in 100 mM Tris–HCl buffer, pH 7.5, was incubated with 1,8 ANS at
40 μM under increasing concentrations of GdnHCl. The inset shows the emission spectra
of 1,8-ANS in the presence of TLL at different GdnHCl concentrations or free in Tris–HCl
buffer (solid black line). Emission spectra and the respective areas were corrected for
1,8-ANS fluorescence emission in the presence of the specified GdnHCl concentrations.
Excitation was done at 360 nm and emission recorded from 400 to 600 nm.
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probe to highly non-polar environments, it is possible to follow confor-
mational changes in proteins upon physical or chemical unfolding, and
to characterize possible folding intermediates [47]. We observed a con-
tinuous increase in 1,8-ANS fluorescence emission at increasing GdnHCl
concentrations (Fig. 4, inset), indicating that TLL did not unfold
completely even at high denaturing agent concentrations. Despite the
fact that TLL loses secondary structure upon incubation with GdnHCl
(Fig. 3A), there is still maintenance of residual structure even at 6 M
GdnHCl. Besides, the increase in 1,8 ANS fluorescence could also be re-
lated to the presence of TLL dimers in solution. These oligomeric species
would suffer GdnHCl-induced dissociation, and exposure of monomer–
monomer interfaces would lead to increased binding of 1,8 ANS to TLL.
The gradual increase in 1,8-ANS fluorescence with increasing GdnHCl
concentrations (Fig. 4) excludes thepossible presence of stable interme-
diate states for TLL; as shown for a cutinase from Fusarium solani pisi
[48]. This result suggests that oligomeric species of TLL (such as dimers)
are present in solution. Therefore, an increase in the fluorescence of the
extrinsic probe could be related to dissociation of a dimer followed by
partial unfolding of the monomers, with increased exposure of hydro-
phobic pockets.
3.4. Small angle x-ray scattering analysis of TLL in aqueous solution:
evidence of co-existence of dimers and monomers

Small angle X-ray scattering technique is a powerful tool to address
the oligomeric and the conformational state of proteins in solution. The
concentration-normalized scattering curves of TLL at 2.7 (circles) and
5.4 mg/mL (squares) are quite similar (Fig. 5A), evidencing that inter-
ference effects do not take place in the SAXS curves [23] at least in this
concentration range. Analysis of the scattering curve of TLL raw extract
(27 mg/mL), however, indicated a different behavior, where partial
protein aggregation was probably taking place over the SAXS curves
(Fig. S1). Such phenomenon was evidenced by an increase in the Rg

value in comparison with the diluted samples (Fig. S2). The SAXS data
analysis of TLL is focused in the 2.7 and 5.4 mg/mL systems, where
well-defined scattering curves were obtained.

The Kratky plot (I(q)q2 × q) is a useful tool in the SAXS data analysis
of proteins in solution, since it can provide information about thewhole
macromolecular conformation [17,49]. Analysis of Kratky plots of TLL at
2.7 and 5.4 mg/mL (Fig. 5B) indicates that the enzyme is compact,
presenting a globular shape, as evidenced by the bell-like shape of the
peak at q ~ 0.08 Å−1 [17,26,49].

TheGuinier analysis [19] of TLL scattering curves at different concen-
trations (ranging from 27 to 2.7 mg/mL) yielded the calculation of Rg

(radius of gyration) values of 30.12 ± 0.14 Å for the commercial
enzyme in the raw extract (Fig. S1). Rg values of 26.50 ± 0.20
and 24.03 ± 0.14 Å were obtained for the TLL samples at 5.4 and
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Fig. 5. Small angle X-ray scattering analysis of TLL. A. Concentration-normalized scattering
intensity of TLL at 2.7 (circles) and 5.4 mg/mL (squares). B. Kratky plot of TLL scattering
curves at 2.7 (open circles) and 5.4 mg/mL (open squares). Inset: Guinier plots at these
two concentrations. More information about the Guinier analysis can be found in the
Supplementary Material, Fig. S1.

Fig. 6. Experimental and theoretical SAXS curves evidence the presence of dimers and
monomers of TLL in solution. A. Scattering curve of TLL at 5.4 mg/mL (circles) and
2.7 mg/mL (squares) along with the best theoretical scattering intensity obtained with
GENFIT software (solid lines) (see text for further details). The respective p(r) function
of TLL at 5.4 mg/mL obtained with the IFT methodology can be appreciated in the inset
(open circles). B. Theoretical calculation using GENFIT [25] of TLL in the monomeric
(solid line) and dimeric (dashed line) forms (PDB entry: 1DT3). The theoretical p(r) func-
tions of the monomer (solid line) and dimer (dashed line) can be appreciated in the inset
of panel B. The solid line in the inset of panel A represents the weighted sum of themono-
meric and dimeric theoretical p(r) functions. See text for further details.
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2.7 mg/mL, respectively (Fig. 5B, inset). We found no evidence of pro-
tein aggregation in the 2.7 to 5.4 mg/mL concentration range.

The IFT (Indirect Fourier Transform) methodology [50] is widely
employed to study protein conformation in solution. The SAXS
curve of TLL at 5.4 mg/mL (circles) along with the theoretical curve
obtained with the IFT methodology (solid dark gray line) are
shown in Fig. 6A. As the concentration-normalized scattering curves
are quite similar (Fig. 5A), the IFT data analysis was made only with
the scattering curve of TLL at 5.4 mg/mL. The correspondent normal-
ized p(r) (open circles in the inset of Fig. 6A) indicates that the pro-
tein presents a slightly anisometric shape with a cross-section of
35 ± 3 Å and a Dmax = 95 ± 7 Å. From the p(r) function it is also
possible to calculate the protein's Rg value [11,17–19], which, in
this case, was 28.23 ± 0.15 Å, in agreement with the value obtained
using the Guinier approximation (26.50 ± 0.20 Å).

The crystallographic structure of TLL (PDB: 1DT3) shows that, in the
crystal, TLL self-assemble as dimers [2]. To check whether in solution
TLL would have the same behavior as in the crystal, the theoretical pro-
tein form factors were evaluated using GENFIT software [25]. The pro-
tein crystallographic structure was used as the input (PDB: 1DT3) [2].
The calculated form factors of TLL for both monomer (solid line) and
dimer (dashed line) are shown in Fig. 6B. Interestingly, for q values
larger than 0.075 Å−1 the scattering curves have similar profiles,
despite a scaling factor (Fig. 6B).

GENFIT software also calculates the respective p(r) function of each
monomeric (solid line) and dimeric (dashed line) TLL forms (Fig. 6B,
inset). Interestingly, neither of these functions was able to reproduce
the one obtained with the IFT methodology (open circles in the inset
of Fig. 6A). This is an indication that the system is composed by a sum
of monomers and dimers in solution.

Furthermore, the monomer and dimer Rg values can be evaluated
using the respective p(r) functions [19]; according to this procedure,
the obtained values are 19.0 and 28.2 Å for the monomer and dimer
of TLL, respectively. The Rg values obtained with the Guinier analysis
are 26.50 ± 0.20 and 24.03 ± 0.14 Å for TLL at 5.4 and 2.7 mg/mL, re-
spectively, suggesting that TLL is mostly dimeric at these conditions.

Next, we used the known monomer and dimer crystallographic
structures to try to fit the SAXS data, assuming that the systems were
composed byonly one species, i.e., onlymonomers or dimers. Neverthe-
less, none of these configurations were able to reproduce the experi-
mental scattering curves (Fig. S3). The next step was to use a
combination of both monomers and dimers, assuming that they co-
exist in solution in equilibrium.

According to the SDS-PAGE and mass spectrometry analysis, both
monomers and dimers could be present in solution. We evaluated the
scattering curves as a sum ofmonomers and dimers using the appropri-
ate weights [26] with the GENFIT software [22,23]. This software allows
the use of different weights to each possible population (i.e., monomer
or dimer), as described in the Materials and Methods section.

According to such procedure, the best fit (Fig. 6A, solid lines) obtain-
ed for TLL at 2.7 mg/mL (Fig. 6A, squares) and 5.4 mg/mL (Fig. 6A, cir-
cles) indicates that 43 ± 2% of the species are in the monomeric
conformation, whereas 57 ± 3% of the protein is in the dimeric state
for TLL at 2.7 mg/mL. At 5.4 mg/mL these values are 38.5 ± 1.5% and
61.5 ± 1.4% for monomer and dimer conformations, respectively. Be-
sides, the reduced χ2 values [22,23,25,26] were equal to 1.7 and 2.3
for TLL at 2.7 and 5.4 mg/mL, respectively, indicating that a good fitting
was obtained using the described methodology. Noteworthy, the
amount of dimer slightly increases as the protein concentration in-
creases what is consistent to a monomer/dimer equilibrium process.

Furthermore, these results show that the employed methodology
was able to describe both scattering curves concomitantly, also elucidat-
ing the amount of protein in themonomeric and dimeric forms for each
TLL concentration. Although the amount of protein in each state was
rather similar for TLL at 2.7 and 5.4 mg/mL, the differentmethodologies
utilized in this work revealed that the monomer/dimer ratio changes
upon sample dilution/concentration.

Recently, Carvalho et al. [51] studied the temperature stability of ex-
tracellular hemoglobin of Glossoscolex paulistus at different oxidation
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states by SAXS and dynamic light scattering measurements. To analyze
the SAXS curves, the authors used a linear combination of the p(r) func-
tions to obtain information about the dissociation process. Following a
similar procedure, the calculated values of wM and wD were 40 ± 2%
and 60 ± 2%, respectively, in good agreement with the wM and wD

values obtained with GENFIT. The respective p(r) can be appreciated
in the inset of Fig. 6A (solid black line).
3.5. Analysis of oligomeric and conformational distribution of TLL in
solution by mass spectrometry

To further evaluate the oligomeric distribution of the TLL in solution
we have used twomass spectrometry techniques. A solution analysis of
TLLwas performed by electrospraymass spectroscopy coupledwith ion
mobility spectroscopy technique (ESI–IMS–MS). The ESI–IMS–MS tech-
nique assists in the deconvolution of the spectral congestion typically
observed in one-dimensional ESI–MS, allowing the separation of ions
in a polydisperse complex sample showing varying oligomeric and con-
formational species with similar m/z [12–14]. In the present analysis
performed in buffered aqueous solution at pH 7.0, we observed a pre-
dominant species corresponding to the monomeric TLL, with the corre-
sponding ions with z/n spanning from +28/1 to +10/1 (Fig. 7A). At
higher drift time, a minor population was also observed, compatible
with monomers with ions spanning from z/n = +28/1 to +15/1. At
higher m/z another ion envelope was detected, which is compatible
with dimeric species of the TLL (z/n = +20/2 to +16/2) (Fig. 7A).
The deconvolution of the molecular ions spectrum to a single charged
monoisotopic mass spectrum evidences the monomer and dimer of
TLL (Fig. 7B).

Further confirmation of the identity of the TLL was accessed
by MALDI-ToF-MS (Fig. 7C). A major peak of about 29.4 kDa (for
monocharged ion) was observed, compatible with the non-glycosylated
formof TLL (expectedmolarmass fromsequence: 29,315.5 Da;UNIPROT:
O59952(23–291)). Other peaks in the MALDI-ToF mass spectra were ob-
served for lower m/z, compatible with the +2 and+3 ions. A broad sig-
nal centered at about 31.5 kDa (formonocharged ion)was also observed,
which is compatible with the monoglycosylated (at Asp33) form of the
TLL, as previously reported elsewhere [3,52] (Fig. 7C). No further peaks
from other components with dissimilar molecular mass were detected
up to 70,000 m/z (not shown), indicating the high purity of the sample.
These data demonstrate the complex behavior of the TLL enzyme in
Fig. 7.Mass spectrometry analysis of TLL. A. TLL was subjected to ESI–MS coupled to IMS techniq
ion is identified with a number adjacent to them. In the top part, the summed ESI–MS spectru
spectrum evidences the monomer and the dimer of TLL in solution. C. MALDI-ToF-MS analysis
cation of the +1, +2 and +3 ions. Details are described in the Material and Methods section.
solution and the delicate balance between two monomeric conformers
and a dimeric assembly.

In summary, our results strongly indicate that the lipase from
T. lanuginosus is found as dimers and monomers co-existing in aqueous
solution at the studied concentration range. Even at lower concentrations,
the enzyme seems to maintain this oligomerization state (i.e. does not
dissociates completely intomonomers), as seen by the obtained Rg values
from the SAXS data and the ESI–IMS–MS analysis.

Bimolecular interaction was shown to be important to maintain en-
zyme stability, but it was reported that enzyme activity is reduced in the
dimeric form [6,7]. Thus, even a small fraction of dimeric species would
compromise overall enzyme activity, a factor that should be taken into
account when applying this enzyme in industrial processes [8]. In gen-
eral, high-concentrated solutions of the enzyme are used, meaning
that the dimeric form will predominate over the monomeric form. As
studied before for other lipases, the monomeric form is more active
than the dimeric form; thus, the use of diluted lipase solutions or addi-
tion of detergents could increase the efficiency of the industrial process-
es. In contrast, in processeswhere high temperatures are needed, higher
enzyme concentration is required, as the dimers are more thermal sta-
ble than the monomers, a fact evidenced for lipases from Alcaligenes
sp. and P. fluorescens [6]. Therefore, it is of value to study the conforma-
tion andmonomer/dimer ratio of such enzymes in different conditions.

4. Conclusions

Herein we evaluated the folding and conformation of T. lanuginosus
lipase using different spectroscopic andmass spectrometry approaches.
Circular dichroism and intrinsic fluorescence analysis showed that
the investigated enzyme presented high thermal stability (Tm of
73.6 ± 0.8 °C), and that the secondary structure changes were partially
reversible, as described in previous studies. While chemical-induced
unfolding with GdnHCl evidenced a two-state transition, with no sug-
gestion of intermediate or different oligomeric states, an SDS-resistant
dimeric specie was found by SDS-PAGE analysis. Mass spectrometry
analysis after in-gel digestion of the bands from the SDS-PAGE identified
the possible dimeric species as the TLL. Binding to 1,8 ANS indicated that
TLL did not unfold completely even at high GdnHCl concentrations
(6 M). To evaluate if TLL would be present as dimers and monomers
in solution, SAXS curves of TLL at concentrations ranging from 27 to
2.7 mg/mL were obtained. The p(r) calculated with the IFT methodolo-
gy showed that TLL at 5.4 mg/mL presents an anisometric shape with a
ue, in 100 mMaqueous ammonium acetate, pH 7.0, and the corresponding charge of each
m is shown, evidencing the series of multiply charged ions. B. The deconvoluted ESI–MS
of TLL. The TLL was subjected to MALDI-ToF-MS with sinapinic acid, allowing the identifi-
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Dmax = 95 ± 7 Å, and the obtained Rg value was 28.23 ± 0.15 Å, sim-
ilar to the one calculated from the Guinier regression (26.50 ± 0.20 Å).
Theoretical calculations with GENFIT did not support the existence of
only one TLL species in solution, i.e., bothmonomers and dimers should
exist at the studied conditions. The best fit to the experimental SAXS
curve was obtained supposing that the systemwas composed of mono-
mers and dimers at different amounts and using GENFIT. According to
such methodology, a mixture of monomers and dimers (around
40 ± 2% monomers and 60 ± 3% dimers) was obtained for TLL at
both 2.7 and 5.4 mg/mL concentrations. Besides, ESI–IMS–MS analysis
of SEC-eluted samples evidenced the presence of two monomeric con-
formations and a smaller fraction of a dimer of TLL. In summary, our re-
sults show that TLL is populated as both dimers and monomers in
solution, mainly at higher concentrations, that might be relevant for
its function.

In our work, the presence of both monomers and dimers of
T. lanuginosus lipase (TLL) in solution was identified using a number of
spectroscopic techniques. This study is relevant for the Biotechnology
and Biocatalysis fields that include immobilization processes. Moreover,
our work might also have future therapeutic impact, as stable forms of
TL lipase are candidates for pancreatic enzyme replacement therapy
[53]. In this case, the presence of dimers would reduce the therapeutic
efficacy.
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