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Abstract

The stability of a recombinant cutinase from the fun§usarium solaniwas evaluated in aqueous media and in reverse
micelles. Thermal unfolding in aqueous solution is a two-state process at the pH values tested and trehalose increased the
temperature at the mid-point of the unfolding transitions. Irreversible inactivation is a first-order process at pH 9.2, but two
inactivation phases were resolved at pH 4.5. Trehalose did not change the irreversible inactivation pathway but increased the
kinetics of the irreversible inactivation step. Unfolding of cutinase induced by guanidine hydrochloride was more complex,
showing a stable intermediate, molten globule in character, within the transition region. Trehalose did not change the three-state
nature of the unfolding process. Encapsulation of cutinase in AOT reverse micelles induced unfolding at room temperature
due to an enzyme location at the micellar interface. The presence of 1-hexanol as co-surfactant delayed or even prevented
the unfolding of cutinase by promoting the establishment of a new equilibrium in the system. Cutinase is encapsulated in a
10-fold larger AOT/hexanol reverse micelle built up by the fusion of empty reverse micelles. When tested in a membrane
reactor in the presence of 1-hexanol, an operational half-life of 674 days was achieved.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction serine explains cutinase inhibition by organophos-

phates, organic boronic acid derivatives and alkyliso-
Cutinases are synthesised by fungi and pollen cyanateql].

tubes during their penetration of the plant cuticle, ~ The gene of cutinase frorRusarium solaniwas

which covers plant surfacefl]. Pathogenic fungi cloned inEscherichia colifused with the signal pep-

produce and secrete cutinase to hydrolyse cutin, thetide for alkaline phosphatase in order to direct the cuti-

main structural component of the cuticle. Cutin is nase to theE. coli periplasm[2]. This simplifies the

an insoluble polyester composed of hydroxy- and extraction and purification processes. Despite the lack

hydroxyepoxy-fatty acids derived from saturated C16 of glycosylation and the presence of a N-terminal ex-

and unsaturated C18 fatty acids. Fungal cutinases be-tension, the recombinant cutinase, with 197 residues

long to the class of serine esterases, which have the(Protein Data Bank entry 1AGY) and an isoelectric

classic catalytic triad composed of serine, histidine point of 7.6, displays an enzymatic activity compara-

and a carboxyl group. The involvement of an active ble to the native protein. The stretch of residues con-
taining the active site serine (Gly-Tyr-Ser-GIn-Gly)

* Corresponding author. Fax:351-21-8419062. matches the consensus sequence commonly present in
E-mail addressemelo@ualg.pt (E.P. Melo). esterases and lipases (Gly-X-Ser-X-G$).
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In addition to hydrolysis of solid cutin, the recom- ity perhaps the most thoroughly investigated aspect of
binant cutinase fronf. solanialso displays esterase enzyme inactivation. However, thermal stability is of-
and lipolytic activities with a kinetic behaviour inter-  ten more complicated than just a reversible unfolding.
mediate between esterases and lipases, since it is ablérreversible processes such as aggregation, misfolding
to hydrolyse both aggregated and soluble substratesor even adverse covalent reactions are common and
[4,5]. For most lipases, a structural rearrangement of make the elucidation of the deactivation pathway and
the lid covering the active site occurs to allow the the development of strategies for increased stability
substrate to dock in the active site. This could ex- more complex. On contrary, the use of urea or guani-
plain the enhancement of activity in the presence of a dine hydrochloride as protein denaturants has some
lipid—water interface, the so-called interfacial activa- advantages: (1) the extent of unfolding is generally
tion[6]. This property is quite different from that ofthe greater than can be achieved using temperdtiLBg
usual esterases acting on water-soluble carboxylic es-(2) unfolding is completely reversible; and (3) aggre-
ter molecules. The three-dimensional structure of the gation is seldom observed. Thermodynamic stability

recombinant cutinase was initially solved at 1.67 of proteins and reversible unfolding pathways are
and more recently to an atomic resolution of 1.[BR usually assessed using these denaturants. Cutinase
It is a compact one-domain molecule (45430 A x stability at different temperatures and guanidine hy-

30A in size) and the later high-resolution study sug- drochloride concentrations have been studied in order
gested the existence of a “breath-like” movement in to characterize unfolding pathways and the effect of
the mini-lid of cutinase that may be responsible for the low molecular weight solute§l9,20] Media engi-
adaptation to different substrates. Recently, an NMR neering using additives, such as low molecular weight
study points to the presence of an open and close bind-solutes, is one of the earliest strategies developed to
ing site conformation in the free cutinase which indi- stabilize proteins. However, the molecular mechanism
cates thatitis a lipase rather than an estdi@s&vhen involved on protein stabilisation is still matter of de-
acting on triglycerides substrates, cutinase is very sen- bate despite the proposal of some princigek 22]
sitive to the length and position of the acyl chain. The  The use of enzymes in non-conventional media
highest activities were found when the chains at posi- is an attractive strategy, especially when lipophilic
tions 1 and 3 contain three or four carbon atda(. substrates and/or products are employed and a low
Cutinase is a versatile enzyme showing several water content is desirable. Transesterification of fats
noteworthy properties for application in industrial and oils or (stereo)selective esterification of alcohols
products and processes. An enzymatic preparationare potential applications for low water systems such
containing cutinase has been developed for increasingas reverse micelles. In essence reverse micelles are
the pharmacological effect of agricultural chemicals nanometer-sized water droplets dispersed in organic
[11]. Cutinase has been applied as a lipolytic en- media by the action of surfactants. The surfactant
zyme in laundry and dishwashing detergent composi- molecules are arranged with the polar part to the
tions to remove fat$12,13] Degradation of plastics inner side as they are able to solubilize water and
such as the synthetic polyester polycaprolactone to the apolar part in contact with the organic solvent.
water-soluble products has been achieved with cuti- Enzymes can be solubilized in the water droplet
nase[14]. Other potential uses include the hydrolysis and the water activity can be controlled to shift the
of milk fat in the dairy industry, the oleochemistry thermodynamic equilibrium in favour of synthesis
industry and the synthesis of structured triglycerides, rather than of hydrolysis. In addition, higher amounts
polymers and surfactants for personal-care products, of hydrophobic substrates can be solubilized in the
pharmaceuticals and agrochemicals containing one ororganic solvent having at the same time a higher in-
more chiral centreflL5]. terfacial area between the aqueous and the organic
Protein stability is a main concern to enzyme ap- phase to minimize mass transfer problems. Proba-
plications. The benefits of using enzymes as catalyst bly, the major problem associated with these systems
at high temperatures, such as an increase in ratesis the enzyme performance. The physico-chemical
of reactions and yieldgl6], combined with reduced  properties of the environment in which the enzyme is
contamination and viscosifit 7] make thermal stabil-  solubilized are distinct from a bulk aqueous solution
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affecting the activity and the stability of the enzyme.

Structure—function relationships of enzymes are there- 101 cf:(f)tl?;g

fore critical to assess and improve the potential use 08l o

of enzymes in these non-conventional media. This .
0.6+ o

paper reviews two strategies of media engineering
used in our laboratory to improve cutinase stability.
Trehalose was used to improve the thermal stability
of cutinase in aqueous soluti¢h®,20]and 1-hexanol
has shown to improve the stability of cutinase in
AOT (dioctyl sulfosuccinate sodium salt, a negatively
charged surfactant) reverse micel[@§,23—-25]
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Fig. 1. Thermal unfolding of cutinase at pH 4.8, pH 9.2 in
the absence/) and presence of trehalosd), pH 10.5 )
and pH 10.9 [(J). The single experimental points at 25 are
the fraction of cutinase irreversible unfoldefi; (after cooling).
Lines were calculated according to a two-state mechanism using
the following equation:fy = e~2G°/RDj(1 4 e(~AG"/RDY where
AG?° is the standard free energy change for the thermal unfolding.

2. Cutinase stability in agueous solution: the
effect of trehalose

2.1. Thermal stability

Thermal unfolding of cutinase was studied at pH
4.5 and in the alkaline pH range (pH 9.2) [19].
The cutinase solution was heated and the near-UV  |rreversible inactivation experiments were carried
absorbance[26] or the fluorescence intensity was out at pH 4.5 and 9.2. Cutinase solutions were incu-
recorded to quantify the fraction of unfolded cuti- pated at a fixed temperature within the transition re-
nase. Between pH 4.5 and 9.2 aggregation occurs andgion and samples were taken periodically and rapidly
spectroscopic measurements could not be recorded.cooled before assaying for activity. With this proce-
The thermal unfolding curves were well-fitted to dure, all cutinase molecules that are reversibly un-
a two-state mechanism where only the folded and folded at the incubation temperature will refold during

unfolded conformations were present (as shown in
Fig. 1). The two-state nature of the unfolding process
induced by temperature was confirmed by comparing
unfolding curves recorded by UV difference spec-
troscopy and tryptophyl and 8-anilino-1-naphthalene
sulfonic acid (ANS) fluorescend@0]. The ANS dye
has been used to detect folding intermedid@g|
known as molten globules, although the mode of
ANS binding and its influence on the fluorescence
are not well understood28]. The temperatures at
the mid-point of the unfolding transitions (where
AG° = 0) were calculated and used as an index of
protein stability Table J). In the alkaline pH range,
the stability increases with decreasing pH. Lower pH

cooling and only the irreversibly inactivated molecules
will be quantified. The inactivation is a first-order pro-
cess at pH 9.2, but two phases were clearly resolved
at pH 4.5 Fig. 2andTable 2. At this lower pH, a fast
phase is observed initially followed by a slow phase.
Trehalose does not change the irreversible inactivation
pathway since the number of phases remains constant
depending only on the pH. Trehalose decreases the ob-
servable rate constant at pH 9.2, but this is an apparent

Table 1

Temperature values at mid-point (50% of cutinase is unfolded) for
thermal-induced cutinase unfolding in the absence and presence
of 0.5M trehalose

values in this range also lead to higher degrees of re- p Tm (°C) (no trehalose)
versibility after cooling the protein solution to 26

Tm (°C) (0.5M trehalose)

. .45 49.8+ 0.5 53.0
(Fig. 1): The presence of trehalqse, an_gnchgrged dis- 4, 5264 01 56.64 0.5
accharide well known as a protein stabilizer, increases 19 5 42.0+ 0.1 446+ 1.5
the Ty, (Table ) but does not change the two-state 10.9 38.5 a

nature of the unfolded process (data not shown except
for pH 9.2).

Values in the alkaline pH range were from Baptista et{H].
2Value not determined.
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Fig. 2. Irreversible inactivation of cutinase after incubation at
55°C. Four conditions were tested: pH 4.5 in the absefgpgnd
presence of 0.5M trehalos@®] and pH 9.2 in the absenc&]

and presence of 0.5M trehalos®). The experimental observed
rate constants were calculated from the slops of the semi-log fits
and are shown imable 2

value as described below. At pH 4.5, no significant ef-

fect on the rate constants was observed for trehalose.

At pH 9.2, around 80% of the cutinase molecules
refold upon cooling after the thermal unfolding and
trehalose slightly increased the degree of irreversibil-
ity (Fig. 1). Therefore, at this pH value it can be as-
sured that when the protein is initially incubated at a
fixed temperature within the transition region no irre-
versible inactivated states were yet formed. In other
words, at the time zero of an irreversible inactivation
experiment only the folded and reversibly unfolded
states are present & U). The equilibrium constant
Ku— for the reversible step can be calculated with
accuracy. The classical model for the thermal inacti-
vation considers first a reversible step followed by an
irreversible step according to the following pathway:
F < U — | [29]. Therefore, the experimentally ob-
served rate constants presentedéamble 2depend on
the previous reversible step (for a first-order process
d[l)/dt = k[U] and [U] depends orKy— = [U]/[F]).
Once the equilibrium constant is calculated with ac-

Table 2

E.P. Melo et al./Journal of Molecular Catalysis B: Enzymatic 22 (2003) 299-306

-3.0

357

-4.071

Ink int

-4.51

-5.0 ; : : %
3.00 3.02 3.04 3.06

1T x 103 (K)L

Fig. 3. Arrhenius plot of intrinsic rate constants for the irreversible
inactivation step at pH 9.2 in the absend®)(and presence of
0.5M trehalose A).

curacy at pH 9.2 the experimental rate constant can be
related to the intrinsic monomolecular rate constant of
the irreversible stef19,30] These are plotted iRig. 3
according to Arrhenius law. Despite some scatter in
the data points (due to calculation using two param-
eters, the observed rate constant and the equilibrium
constantKy—¢) the activation energy was calculated
and is higher in the absence (30 kcal mglthan in

the presence of trehalose (16 kcal mil This shows
that kinetics of the irreversible step increased in the
presence of trehalose. In conclusion, trehalose only
stabilises the reversible step of thermal denaturation
of cutinase (shown by the increasey). Neither the
nature of the reversible step (two-state) nor that of the
irreversible step (one phase at pH 9.2 and two phases
at pH 4.5) are changed in the presence of trehalose.

2.2. Guanidine hydrochloride induced unfolding of
cutinase

Unfolding transitions of cutinase at pH 4.5 induced
by guanidine hydrochloride were assessed by near-UV

Experimentally observed rate constants for the irreversible inactivation of cutinas€ @t 55

pH No trehalose 0.5M trehalose

kfast-phase (min_l) kslow-phase ksingle-phase kfast-phase kslow-phase ksinglephase
45 0.072 0.013 a 0.070 0.016 a
9.2 2 A 0.010 4 -2 0.004

akinetic phase not present.
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Fig. 4. Unfolding of cutinase at pH 4.5 induced by guanidine hydrochloride. (A) Transition curves were followed by near-UV difference
spectroscopy at 287 nnill), cutinase fluorescencél) ANS fluorescence®) and mean residue ellipticity at 222 niX)( Solid lines

fit unfolding curves according to Staniforth et &3], except for ANS fluorescence. (B) Accumulation of the intermediate calculated
according to Staniforth et af33].

absorbance and tryptophyl fluorescence to probe ter-fluorescence intensityF{g. 4A). The fluorescence
tiary structure and by far-UV circular dichroism to of ANS increases when the intermediate is present,
probe secondary structuf@0]. The transitions fol- showing its molten globule character. Molten globule
lowed by different techniques were non-coincidental intermediates: (1) are condensed in a globular form;
occurring at different guanidine hydrochloride con- (2) contain native-like secondary structure; (3) are
centrations Fig. 4A). It is worth noticing that the  stabilised mainly by non-specific hydrophobic inter-
UV absorbance at 287 nm (at this wavelength the UV actions; (4) have a topology close to the native state;
difference absorbance is mainly due to the exposure and (5) are “molten” in charactg¢28]. The interme-

of tyrosine residue$31]) changes before tryptophyl diate conformation of cutinase shares some of these
fluorescence intensity (excited selectively at 296 nm). characteristicsTable 3. The secondary structure is
This non-coincidence of the curves is the diagnostic native-like as shown by the mean residue elliptic-
for the presence of at least one stable intermediateity at 222 nm (6000 cm?dmol~1) which is close
within the transition regiorfi32] and the data was fit- to that of folded state. Many tertiary interactions of
ted according to a three-state process4FX <« U) the folded state were lost including those surround-
using the model proposed by Staniforth et[20,33] ing the tyrosyl microenvironment. These interactions
The mid-points for the transitions are showrTable 3 were probed by the near-UV difference absorbance
and the accumulation of the intermediate is shown at 287 nm which changed by around 70% in the ab-
in Fig. 4B. In order to characterize the intermediate, sence of trehalos¢20]. The intermediate is close
the unfolding transition was also followed by ANS to the folded state in terms of space-neighbouring
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Table 3
Parameters for cutinase unfolding at pH 4.5 induced by guanidine hydrochloride according to a three-statd3#jocess
[GANHCgoq1]? (M) [GdnHClsgo42]? (M) ;P npP Ix©

No solute
AA 0.98+ 0.15 1.214+ 0.02 52 66 0.104
A¢r 1.11+ 0.00 1.18+ 0.11 50 68 0.007
[6]mrw. . 0.92 1.11 52 67 —6000

0.5M trehalose
AA 1.29+ 0.02 1.40+ 0.02 52 66 0.065
APE 1.41+ 0.07 1.39+ 0.07 52 67 0.006

Transitions were assessed by near-UV difference spectroscopy at 28¥Antifyptophyl fluorescence quantum yields differenaepf)
and mean residue ellipticity at 222 nn®}fw.)-

aGuanidine hydrochloride concentration required to achieve 50% of the first or second transition, respectively.

b Total of side-chains becoming exposed during the first or second transition, respectively. The “what-if" pi@gjramd the atomic
co-ordinates ofF. solani cutinase (PDB entry 1AGY) were used to calculate the fraction of amino acid side-chains buried in the folded
state in comparison to a fully extended conformatiaf].

¢Near-UV absorbance difference, tryptophyl quantum yield difference or mean residue ellipticity dmol~1) at 222nm of the
intermediate.

residues. This conclusion could be drawn as the sin- identified when the fluorescence emission spectra of
gle tryptophan residue of cutinase (in position 69) is cutinase in AOT reverse micelles is compared to the
strongly quenched by the neighbouring disulfide bond spectra in aqueous solution and of thermally unfolded
(between cysteines 31 and 109) in the folded con- cutinase Fig. 5. The emission peak of cutinase in
formation and remains quenched in the intermediate aqueous solution occurs at 303 nm when both tyro-
since the fluorescence intensity for the intermediate sine and tryptophan residues are excited (excitation
changes by only 10%. These equilibrium intermedi- at 280 nm). The emission peak in the range of free
ates seem to be analogues to the folding intermediatestyrosine along with decomposition of the spectrum
detectable by conventional kinetic meth¢8s] point- at tryptophan and tyrosine contributions shows that
ing to their importance as productive intermediates in emission is dominated by tyrosyl residues. After
the pathway towards the folded state.

As we have observed for the thermal unfolding, tre-
halose does not change the unfolding pathway as in-
dicated by the nature of the intermediate present at
equilibrium. The number of side-chains exposed on
the intermediate is not different in the presence of tre-
halose Table 3. Only the mid-points were shifted to
higher guanidine hydrochloride concentrations show-
ing the stabilisation effect of trehalose on both transi-
tions [20].

1.0

0.8

0.6

0.4

Fluorescence Int. (a.u.)

200 320 350 380 410 440
. e . Emission Wavelength (nm
3. Cutinase stability in AOT reverse micelles. the gth (nm)

effect of 1-hexanol Fig. 5. Fluorescence emission spectra of cutinase in aqueous so-
lution (darker spectrum), encapsulated in reverse micelles of AOT
The encapsulation of cutinase in AOT reverse mi- (spectrum filled with an intermediate pattern) and thermal un-

I ind ti d dent unfoldi tfolded (brighter spectrum). The filled areas are the contribution
celles induces a ime-depenaent unfolding process a of tyrosine residues to total emission and the empty areas under

room temperature characterised by fluorescence andie filed ones are the emission of the single tryptophan residue,
activity measurement86]. The unfolding is clearly calculated as described [86].
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thermal unfolding, the spectra became dominated by other filled with cutinase, as long as the two popu-

tryptophyl emission with the maximum occurring at

335nm. The emission spectrum of cutinase encap-

sulated in AOT reverse micelles is clearly approach-
ing that obtained for unfolded cutinase. It shows a
larger contribution from tryptophyl to total emission,
although less significant than that for unfolded cuti-
nase, causing a red shift of the peak from 303 to
311 nm.

Cutinase unfolding in AOT reverse micelles is cou-
pled to deactivation23]. Both functional stability

lations have significantly different radjR4]. If the
unfolding kinetics were slow, a decrease on the water
pool radius was observed for reverse micelles filled
with cutinase. This indicates that cutinase is attached
to the micellar interface inducing an increase of the
interfacial area and a decrease of the water pool
radius. This location might cause the unfolding of
cutinase. The interactions between cutinase and the
AOT interface are probably the driving force to unfold
cutinase at room temperature. The denaturation effect

assessed by the time-dependent loss of activity andof negatively charged surfactants is well documented,
structural stability assessed by the time-dependentnamely for cutinasg38]. Attempts to increase the
fluorescence intensity changes show the same trendstability of cutinase in AOT reverse micelles were

with time (Fig. 6). The kinetics of the unfolding of

based on a factorial design stuff}5]. Two param-

cutinase in AOT reverse micelles depend on the size eters were identified as being critical with respect
of the reverse micelle being faster at larger reverse to increasing the stability: the size of the reverse
micelles. The size is usually defined in terms of the micelle and the concentration of 1-hexanol which

parameteiVp which is the ratio of molarity of water
to molarity of surfactant and can be changed with a
concomitant change on the properties of the water
inside the reverse micell@7].

Dynamic light scattering was used to resolve two
populations of reverse micelles, one empty and the

1.0 ¢

0.5 1.0

Time (h)

1.5 2.0

Fig. 6. Functional and structural stability of cutinase in AOT re-
verse micelles aMWp 20. Functional stability was assessed by
the loss of activity,a,/a,—o (LJ) and structural stability was as-
sessed by the fraction of cutinase molecules in the folded state
(O) calculated according toifr = (Flasor=185n — Flazon)/
(Flazor=185n — Fl33or=0h)), where Fig3p is the fluorescence in-
tensity at 330nm at timé. After 1.85h, cutinase was assumed
to be unfolded. The solid lines fit a first-order process with rate
constants of 5.7 and 8.4'h for functional and structural stabil-

ity, respectively. The difference between the rate constants is not
significant considering the number of data points collected during
the decay.

acts as co-surfactant being located between the AOT
molecules as part of the reverse micellar interface.
Actually, 1-hexanol is a co-surfactant and a substrate
for esterification reactions. Optimal stabilities were
achieved aWp 2.7 and 0.4 M of hexanol leading to
half-life times of 53 days at 30C. The presence of
hexanol as co-surfactant changes the interfacial prop-
erties of the reverse micelle and a new equilibrium is
established. One AOT/hexanol reverse micelle filled
with cutinase is built up with one cutinase molecule
and the fusion of several empty reverse micelles to
give a reverse micelle about 10-fold larg@b6]. En-
capsulation of cutinase in this large reverse micelle
prevents denaturation. The two situations in the ab-
sence and presence of hexanol are clearly distinct
with respect to the size of the reverse micelle filled
with cutinase. The radius of the filled reverse micelle
in the presence of hexanol can be as large as 100 nm
compared to less than 12 nm for a filled reverse mi-
celle in the absence of hexan@b5]. This effect is

the opposite of the effect on empty reverse micelles
as hexanol decreases the size of empty reverse mi-
celles. The operational stability of cutinase in the
AOT/hexanol system is also highly improved lead-
ing to an estimated operational half-life of 674 days
under continuous operation in a membrane bioreac-
tor [39]. Therefore, the disadvantage of low enzyme
stabilities sometimes observed with non-conventional
media such as cutinase in AOT reverse micelles can
be altered to more favourable cases.
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