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Abstract

The thermal stability of the lipase from Chromobacterium viscosum was assessed by deactivation (loss of activity),
fluorescence, circular dichroism (CD) and static light scattering (SLS) measurements. Lipase fluorescence emission is
dominated by the tryptophyl contribution. An increase in the tyrosyl contribution from 2 to 16% was only observed
upon prolonged incubation at 60°C. The effect of temperature on the tryptophyl quantum yield was studied and two
activation energies were calculated. Tryptophan residues in the native structure have an activation energy of 1.9 kcal
mol ' for temperature-dependent non-radiative deactivation of the excited state. A structural change occurs at
approximately 66.7°C and the activation energy increases to 10.2 kcal mol~'. This structural change is not
characterized by tryptophan exposure on the surface of the protein. The deactivation and the evolution of structural
changes with time after lipase incubation at 60°C were assessed by fluorescence, CD and SLS measurements. CD
spectra show that both secondary and tertiary structures remain native-like after incubation at 60°C in spite of the
fluorescence changes observed (red-shift from 330 to 336 nm on the trytophyl emission). SLS measurements together
with the CD data show that deactivation may be due to protein association between native molecules. Deactivation
and the decrease on the fraction of non-associated native lipase evaluated by changes in fluorescence intensity with
time, show apparent first order kinetics. According to the rate constants, fluorescence changes precede deactivation
pointing to an underestimation of the deactivation. Reactivation upon dilution during the activity assay and
substrate-induced reactivation due to lipase interfacial adsorption are possible causes for this underestimation.
© 2000 Elsevier Science S.A. All rights reserved.
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1. Introduction

Lipases are capable of catalysing a variety of
reactions, many of which have great potential
importance in industry. The best known example
is the modification of their natural substrates,
triacylglycerols, mainly carried out in non-aque-
ous media [1]. Lipase-catalysed hydrolysis in
aqueous media have also industrial relevance in
the bioconversion of polyunsaturated fatty acids
to other bioactive compounds with desirable
nutritional, biomedical or surfactant attributes [2],
in the resolution of racemic alcohols by hydrolysis
of racemic esters [3] and in the detergent indus-
try. Enhanced stability, particularly at high tem-
peratures, make them more attractive for indus-
try.

Fluorescence methods are being increasingly
used in biochemical characterization because of
the inherent sensitivity of this technique. Proteins
have tryptophan and tyrosine as intrinsic fluor-
ophores, the former being highly sensitive to mi-
croenvironment polarity. The protein fluores-
cence is sensitive to the substrate binding, associ-
ation reactions and to denaturation. In addition
to the fluorescence, other spectroscopic tech-
niques such as circular dichroism and light scat-
tering are very useful techniques to assess struc-
ture—function relationships in proteins. In these
types of studies some authors have examined the
comparison of the conformation and activity
changes during the time course of enzyme denat-
uration. Tsou and co-workers [4,5] show consider-
able evidence that inactivation precedes confor-
mational changes because the active site is
located in a more flexible region than the protein
molecule as a whole. Other studies using differ-
ent systems have shown a reasonable agreement
between the deactivation rate and the rate con-
stant for the structural transition [6—8].

Chromobacterium viscosum lipase with 33 kDa
mol. wt. was purified from a commercially avail-
able preparation [9,10]. Its biochemical, kinetic
and stability characterization was carried out and
homology to the Pseudomonas glumae lipase was
demonstrated [11]. This includes immunological
cross-reaction with monoclonal antibodies specific
to the C. viscosum lipase and 100% homology

between the N-terminal sequences. More re-
cently, the X-ray structure of C. viscosum was
obtained and some structural differences were
observed between C. viscosum and P. glumae
lipase, despite the identity of amino acid se-
quences (with the exception of the prospective
proteolytic loss of three amino acids) [12]. A
reason for these structural changes may be the
different crystallization conditions. The lipase
from C. viscosum is of industrial interest, owing
to its potential in the detergent industry where
stability in aqueous solution at high temperatures
is very important [12]. The thermal stability of C.
viscosum lipase in aqueous solution was further
studied in this paper. The elucidation of the deac-
tivation pathway is important to devise a way of
increasing stability. Steady-state fluorescence
emission from native and inactivated lipase is
characterized. Circular dichroism (CD) and static
light scattering (SLS) measurements were used to
give insight on the deactivation pathway of the
lipase.

2. Experimental
2.1. Chemicals

Chromobacterium viscosum lipase was purified
from a commercial preparation supplied by Toyo
Jozo Enzyme (Japan) as previously described [9].
The pure lipase was lyophilized in distilled water
and stored at —20°C. A pH 9.0 solution in 50 or
20 mM Tris—HCI buffer was prepared for the
fluorescence and SLS and CD, respectively. Sigma
Lipase Substrate, 50% (v/v) triolein, was used as
the stock solution.

2.2. Activity measurements

Lipolytic activity was measured in a closed 25-
ml reaction vessel thermostated at 60°C, using
triolein as the substrate. A stable emulsion 10%
(v/v) in triolein was prepared by dilution of the
commercial preparation from Sigma in 50 mM
Tris—HCI buffer (pH 9.0). Lipase concentration
was 0.1 mg ml~' in the reaction vessel. The
lipolysis reaction was followed by magnetic stir-
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ring for 5 min, and samples (200 pl) were taken
from the vessel every 1 min. Colorimetric de-
termination of free oleic acid in the samples was
carried out using the Lowry-Tinsley method [13].

2.3. Fluorescence measurements

Fluorescence measurements were obtained by
excitation at 280 or 300 nm with excitation and
emission slits set at 8§ nm on a Perkin-Elmer
MPF-3 fluorescence spectrophotometer with 90°
geometry. The sample absorbance was kept below
0.1 at the excitation wavelength to avoid inner
filter effects. Current lipase concentration was
0.08 mg ml~' for excitation at 280 nm and 0.86
mg ml ™" for excitation at 300 nm. The instrumen-
tal response at each wavelength was corrected by
means of a curve obtained using appropriate fluor-
escence standards [14].

Emission spectra were decomposed on tyrosyl
and tryptophyl contributions as described else-
where [15,16]. The emission spectrum of trypto-
phan residues (obtained with 300 nm excitation
light) after appropriate normalization includes the
energy transferred from tyrosine residues. Quan-
tum yields of tryptophyl fluorescence (Jg) were
determined as previously described [16] using free
tryptophan in aqueous solution at pH 7.0 as stan-
dard [Jr=0.1 (S. Andrade and S.M.B. Costa,
unpublished)] and were not corrected for tyro-
sinate absorption.

2.4. CD measurements

Spectra were obtained with a Jasco spec-
tropolarimeter, model J-720. A thermostated
rectangular quartz cell with 1-cm path length and
a cylindrical quartz cell with 0.1-cm path length
were used to obtain spectra at 60°C and room
temperature, respectively. The current lipase con-
centration was 0.8-1.5 mg ml~' for near-UV and
0.3-1.0 mg ml~" for far-UV. Results were ex-
pressed in terms of mean residue ellipticity
(B in units of deg cm® dmol™' and were
determined according to the following equation:

B = MRWS, /101c (1)

where MRW is the mean residue weight (MRW,
viscosum = 104.1), 6, is the observed ellipticity in
deg, / is the path length in cm and c is the lipase
concentration in g ml~'. All the spectra were
obtained after base line subtraction.

2.5. SLS measurements

SLS measurements were carried out at 60°C in
a standard luminescence spectrometer, model LS-
50B from Perkin-Elmer, using a fluorescence
quartz cell with 1-cm path length. Incident light
of 500 nm was used and the scattered light was
also collected at 500 nm at the scattering angle of
90°. ‘Excitation’ and ‘emission’ slits were kept at
2.5 nm. Lipase concentration was 0.6 mg ml~".

2.6. Data analysis

The quantum yield of fluorescence is defined
by considering the rate constants which compete
with the radiative fluorescence rate constant [15]:

=k, /(k, +ky+k,) 2)

where k, is the radiative rate constant which
accounts for fluorescence emission of photons
from the excited singlet (temperature indepen-
dent), k, is the sum of intersystem crossing and
temperature-independent processes including a
part of internal conversion [17] and k, is the sum
of non-radiative rate constants comprising the
temperature-dependent internal conversion.
Therefore, k, follows Arrhenius’ law and con-
sidering that at temperatures above 0°C, k,/k, is
small compared with In(@; ' — 1):

In(@;"' —1) =In(A/k,) = Ey/RT (3)

The fluorescence intensity (FI) at 330 nm (A
=300 nm) was used to calculate the fraction of
native lipase:

fnoy = (Fl,) — F1,) /(FIy — FI,,) 4)
where fy is the fraction of native lipase calcu-

lated for different incubation times, FI,, is the
fluorescence intensity at time ¢ and FI (FI at
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time zero) and FI, (FI after incubation at 60°C
for 110 min) are the fluorescence intensity of
native alone and native lipase which associates to
form assemblies, respectively.

The decrease in the fraction of lipase native,
fx> and lipase active, f,, (assessed by the ratio
activity,_,/activity,_,) upon incubation at 60°C
was described by a first order process by using the
Levenberg—Marquardt non-linear least-squares
method and the following equation:

faaw or fuq = offset +AexP(”k) )

where the offset is the fy or the f, at the plateau
where the FI or the activity do not change, A is
the amplitude of the decrease and k is the rate
constant. Activity measurements were carried out
at 60°C to avoid reversibility upon cooling.

3. Results

Emission spectra of Chromobacterium viscosum
lipase at pH 9.0 were recorded and the tempera-
ture effects on both the quantum yield and on the
emission maxima were determined (Fig. 1). At
low temperatures the lipase is native but there is
a shift on the emission maximum to longer wave-
lengths with an increase in temperature. Trypto-
phyl emission is sensitive to the microenviron-
ment and a red-shift is observed with an increase
in the polarity [18]. The red-shift observed with
the temperature increase means that excited state
non-radiative deactivation of tryptophan residues
emitting at lower wavelengths is more tempera-
ture-dependent. The C. viscosum lipase has three
tryptophan and 10 tyrosine residues. The calcu-
lated activation energy within the temperature
range where lipase remains native was 1.9 kcal
mol ', Above 60°C a greater quantum yield tem-
perature dependence was clearly defined, reflect-
ing a protein structural change. The activation
energy increases then to 10.2 kcal mol ', Emis-
sion maxima at 329 nm do not reflect an in-
creased polarity for the tryptophyl microenviron-
ment. The interception point of the two straight
lines in Fig. 1 occurs at 66.7°C. This temperature
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Fig. 1. Thermal dependence of the tryptophyl fluorescence
(excitation light of 300 nm) of Chromobacterium viscosum
lipase. Numbers above each data point are the emission
maxima.

value, which is indicative of the transition temper-
ature from the native to the structurally different
state, occurs approximately 5° after the plateau of
the activity—temperature profile in a range where
activity measurements display a large standard
deviation [19].

The fluorescence emission from tryptophan and
tyrosine residues of C. viscosum lipase incubated
at 60°C is shown in Fig. 2. The structural change
evolution of enzymes with time is an approxima-
tion to operational stability despite the absence of
substrate. Incubation at 60°C leads to a shift of
the tryptophyl emission maximum from 330 to
336 nm after 40 min which remains constant
during 110 min. This red-shift reflects either an
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Fig. 2. Lipase tryptophyl (thin solid line) and tyrosyl (thick
dotted line) fluorescence emission after 0, 110 min and 4 days
at 60°C.
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Fig. 3. Far (a) and near-UV (b) circular dichroism spectra of C. viscosum lipase. The spectra depicted by the thin solid line and
thick solid line were obtained at room temperature in the absence and presence of 6 M guanidine hydrochloride, respectively. The
spectra depicted by the dotted line was obtained at 60°C, 0 min incubation time.

increased polarity on the microenvironment of
the emitting tryptophans or a larger non-radiative
process for the tryptophans emitting at lower
wavelengths. Tyrosyl emission is not affected until
110 min and is approximately 2% of the total
emission. After 4 days at 60°C, a tryptophyl maxi-
mum occurs at 341 nm and the tyrosyl contribu-
tion increases to 16% indicating most probably a
less structured state. Emission maximum ob-
tained with an excitation wavelength of 280 nm
are blue-shifted (maxima occurring at 323 and
335 nm after 0 and 40 min, respectively) because
tyrosyl emission occurs near 305 nm. After 4 days,
excitation at 280 nm shows a more significant
blue-shift (from 341 to 331 nm) because the tyro-
syl contribution increases (Fig. 2).

The circular dichroism spectra of the C. visco-
sum lipase at 25°C show the native-like secondary
and tertiary structures completely disrupted in
the presence of 6 M guanidine hydrochloride
(Fig. 3a,b). A negative ellipticity is observed
between 250 and 202 nm since o-helix displays
negative ellipticities at this wavelength range. B-
Sheet also displays negative ellipticities down to
approximately 205 nm [20]. C. viscosum has 35.1%
a-helix and 13.5% B-sheet content. The typical
a-helical conformation transitions at 208nm
(m—=*) and 222 nm (n—7*) show a 222 /208 nm
amplitude ratio of 1.12, similar to that of most
water-soluble helical proteins (from approx. 0.85
to approx. 1.15) [21]. The intensities of aromatic

CD bands depend on the protein rigidity with the
more mobile side chains having lower intensities,
on the interaction between aromatic amino acids
and on the number of aromatic amino acids [20].
At 60°C, a low resolution smoothed spectra were
recorded due to the high scan rate and large
integration time used. These conditions were im-
posed to assure reproducible measurements and
that the time needed to record the spectra was
negligible when compared with the half-life de-
activation time. Buffer absorption on the ther-
mostated 1-cm path length cell prevents measure-
ments to be taken below 218 nm but allows repro-
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Fig. 4. Evolution of the fraction of native lipase (@) and of the
fraction of active lipase (M) with time were fitted to a first
order process (solid lines) as described in material and meth-
ods. Rate constants were 0.083 and 0.05 1 min respectively.
Also shown is the evolution of the total intensity of scattered
light (Z) at 500 nm (X ) with time.
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ducible measurements at 222 nm which reflect
mainly a-helical content [22].

Fig. 4 shows the lipase deactivation (loss of
activity) upon incubation at 60°C and the compar-
ison of the evolution of protein structural changes
with time assessed by fluorescence and SLS mea-
surements. The fraction of native (assessed by
fluorescence changes) and active lipase (assessed
by activity measurements) were well fitted to a
first order process and the rate constants were
0.083 and 0.05 1 min~' to fluorescence changes
and deactivation, respectively. In opposition to
fluorescence changes, CD spectra show no sig-
nificant changes after incubation at 60°C both on
the near and far-UV range (data not shown). The
molar ellipticity at 296 nm in the region of the
tryptophan residues spectrum remains constant
during incubation at 60°C. The same occurs at
280 nm where tyrosine residues display a peak of
optical activity [20] and at 222 nm. The intensity
of the scattered light increases during lipase in-
cubation at 60°C indicating protein associa-
tion /aggregation [23].

4. Discussion

The tryptophyl quantum yield of Chromobac-
terium viscosum lipase with increasing tempera-
ture indicates a structural change occurring at
approximately 67°C (Fig. 1). Excited-state elec-
tron transfer to the peptide bond has a low acti-
vation energy (3.2 kcal mol ") for non-radiative
deactivation processes [17]. In the low tempera-
ture range covered in the present work a low
activation energy (1.9 kcal mol™') was also ob-
tained. For native proteins E, values range from
2 to 3 kecal mol ' [15], except for some pro-
teinases where E, varies between 7.9 and 12.9
kcal mol ™! [24]. However, in the high tempera-
ture range the activation energy increases to 10.2
kcal mol ', This value points to water quenching
of tryptophyl emission which has an activation
energy of 11-13 kcal mol™ ' [25,26]. Water
quenching should become important to trypto-
phan residues exposed on the surface of the pro-
tein upon denaturation. However, emission max-
ima do not indicate a more exposed localization

on the protein surface since no red-shift was
observed.

Incubation of C. viscosum at 60°C leads to a
shift of the tryptophyl emission from 330 to 336
nm after 40 min (Fig. 2). Tyrosyl contribution is
very low (2%) and increases to 16% only upon
prolonged incubation at 60°C (4 days). Trypto-
phan residues are usually the main contributors
to the emission of globular proteins due to Tyr-
to-Trp energy transfer and quenching by nearby
groups on the peptide chain [18], with a few
exceptions [16]. The increase on the tyrosyl con-
tribution probably reflects a less efficient Tyr-to-
Trp energy transfer [27]. Tyrosyl contribution in-
creases for other proteins upon denaturation [28].
The emission maximum at 336 nm does not re-
flect a large exposure on the protein surface since
the free amino acid emits at 351-361 nm, de-
pending on the pH value [16]. These data point to
no lipase denaturation occurring initially upon
incubation at 60°C. Additionally these data also
point to the absence of proteolytic activity as the
cause for deactivation. Proteolytic activity will
cause lipase unfolding. Denaturation seems to be
detectable only after prolonged incubation caus-
ing an increased tyrosyl contribution and a red-
shift to 341 nm on the tryptophyl maximum. The
three-dimensional structure of C. viscosum lipase
(Protein data bank entry 1CVL) specifically on
the tryptophan localization and microenviron-
ment was analysed to understand the observed
steady-state fluorescence characteristics. The ac-
cessibility of the three tryptophan residues to the
water on the surface of the protein was calculated
by using the WHAT IF program [29]. Side-chain
accessibility to the solvent was 2, 1 and 0% for
Trp30, 209 and 283, respectively. A very small
percentage of the van der Waals’ radii of the
tryptophan atoms is accessible to the solvent ex-
plaining the tryptophyl emission at 325-330 nm.
A sphere of specified radius was drawn around
tryptophan residues to analyse their microenvi-
ronment (Fig. 5). Tryptophan residues are mainly
surrounded by hydrophobic side-chains as ex-
pected from buried residues. Tyrosine 29 and 31
are within 6.0 A around Trp30 (Fig. 5a). Tyrosine
281 and 207 are within the 6.0 A around Trp209
(Fig. 5b). Tyrosine 281 is also within the 6.0 A
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Fig. 5. Tryptophan residue microenvironment on the C. viscosum lipase (Protein data bank 1CVL). A 6.0 A radium was defined
around Trp30 (a) Trp209 (b) and Trp283 (c). Within this sphere the peptide backbone was removed. The non-polar side chains were
coloured dark grey and the acidic, basic and polar side chains were light grey to white. Tryptophan side chains were coloured black
and water molecules associated to the protein crystal were depicted by white balls. Representation drawn with a Swiss-Pdb Viewer

[34].

around Trp283 (Fig. 5¢). This proximity between
tryptophan and four of 10 tyrosine residues should
contribute to the lower tyrosyl emission. The
efficiency of non-radiative energy transfer is in-
versely proportional to the sixth power of the
distance between donor and acceptor [30] and the
distance at which the efficiency is 50% is 10—18 A
for a Tyr—Trp pair [18].

The CD data indicate that secondary and ter-
tiary structures remain native during deactivation
observed after incubation at 60°C. Therefore, de-
activation is not due to protein denaturation as
could be suggested by the small red-shift observed
for the fluorescence spectra shown in Fig. 2. The
excited state of tryptophan is more sensitive to
the microenvironment than the ground state and
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subtle conformational rearrangements can be de-
tected by fluorescence measurements. SLS mea-
surements show protein association (Fig. 4). In-
teractions occur between native protein molecules
leading to protein association, distinct from pro-
tein aggregation which is usually assigned to de-
naturated proteins. Lipase deactivation and fluor-
escence changes seem to result from protein asso-
ciation. This point of view is supported by the
high specific activity value (approx. 800-1000
pmol min~' mg~') obtained at the plateau of
deactivation. Deactivation may also result from
minor changes in the protein conformation, not
detectable by CD measurements, that may lead to
protein association but this hypothesis is difficult
to distinguish. In this case protein association just
correlates to deactivation. The C. viscosum lipase
contains a calcium binding site [12]. Loss of the
calcium ion can disrupt the hydrogen bonding
network, which extends to the catalytic His 285 of
the active site, resulting in enzyme deactivation.
Data in Fig. 4 show that deactivation and fluor-
escence intensity changes display first-order kinet-
ics. Loss of the calcium ion can lead to first-order
kinetics or, alternatively, second or higher order
processes such as association of native proteins
can display apparent first-order kinetics when as-
sessed by activity and fluorescence measurements.
According to the rate constants determined in
Fig. 4, protein fluorescence changes precede de-
activation. Tsou [4] pointed out two explanations
for the underestimation of deactivation: (i) reacti-
vation upon protein dilution during the activity
assay; and (ii) substrate-induced reactivation. The
dilution effect is effective if the association/ag-
gregation is a pathway to deactivation as seems to
occur with this lipase. The equilibrium between
assembled and non-assembled native states can
be shifted to the non-associated form upon dilu-
tion during the activity assay. The reversibility of
the assembling step can be achieved also upon
cooling. If the activity assay was carried out at
37°C instead of 60°C the deactivation is well fitted
to a first-order process with a rate constant of
0.015 min~' [19]. Substrate-induced reactivation
is likely to occur also especially during a lipase
activity assay in aqueous solution. Triglycerides
are emulsified in aqueous solution forming micro-

droplets to which lipases should adsorb to display
full activity (the so-called interfacial activation)
[31]. This phenomenon might be due to the pres-
ence of an amphiphilic lid covering the active site
of the enzyme. The lid opens upon contact with a
lipid—water interface making the active site acces-
sible. A motion of the helix-a5 of C. viscosum
lipase seems to be necessary for the interfacial
activation of this lipase [12]. The interfacial ad-
sorption would shift the equilibrium to the non-
assembled native state leading to reactivation.
The importance of the substrate on the rate of
deactivation was shown for pancreatic lipases
which deactivate differently when trioleoylglyc-
erol or dioleoylglycerol were used as substrates
[32].

Brown and Yada [8] have found similar activa-
tion energies for the isothermal denaturation (fol-
lowed by difference ultraviolet spectroscopy) and
irreversible deactivation (incubation at high tem-
perature and assay for activity at room tempera-
ture) of two fungi proteinases. Their study showed
that irreversible deactivation was coincident with
a gross conformational change providing support
for a two-state model where only native and irre-
versible denaturated states were present in sig-
nificant concentrations. In the case of pro-
teinases, autolysis is an important factor for the
irreversibility of protein denaturation and for the
agreement between conformational and deactiva-
tion experiments. For the tetrameric B-galactosi-
dase the decrease of activity and the decrease of
tetramer population as a function of temperature
are coincident [33]. The diversity of results de-
scribed in the literature for different proteins
shows that comparison between structural changes
and deactivation should take into account differ-
ent activity assays and the specificity of the deac-
tivation pathway. An approach based on several
spectroscopic techniques was important to have
insight on the thermal deactivation pathway of
the C. viscosum lipase.

5. Conclusions

The temperature effects on the tryptophyl fluor-
escence quantum yield and on the emission max-
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ima of the Chromobacterium viscosum lipase show
two ranges. The activation energies of tempera-
ture-dependent non-radiative deactivation of the
excited state were 1.9 kcal mol~' for the native
state and 10.2 kcal mol " after a structural change
occurring above 60°C. This structural change is
not characterized by a tryptophan exposure to the
protein surface as expected from a denaturation
process since no red-shift and no increase on the
tyrosyl contribution were detected. Further in-
sight on this structural change was obtained by
comparing the deactivation to the evolution of
the fluorescence intensity, CD and SLS measure-
ments with time after incubating the lipase at
60°C. The deactivation shows an apparent first-
order kinetics with a rate constant of 0.05 1
min~" which it is likely due to the association of
native molecules as shown by CD and SLS mea-
surements. Minor changes in the protein confor-
mation, not detectable by CD measurements, may
also lead to deactivation and to lipase association.
Far and near-UV range CD spectra show native-
like secondary and tertiary structure. In spite of
the native-like tertiary structure tryptophyl emis-
sion changes upon assembly of the native states
showing the greater sensitivity of the excited state
of tryptophan to the microenvironment when
compared to the ground state. These changes
were characterized by a red-shift from 330 to 336
nm occurring during the first 40 min of incuba-
tion and show apparent first-order kinetics with a
rate constant of 0.083 min~'. Reactivation upon
protein dilution during the activity assay and sub-
strate-induced reactivation are the two possible
mechanisms to explain the large rate constant
observed for fluorescence changes when com-
pared with the deactivation process.
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