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Abstract

Treatment of crude porcine pancreatic lipase preparations (powders) with supercritical carbon dioxide (SC-CO,) at 75°C
and 150 bar leads to a time-dependent increase of enzyme activity (activities were measured prior and after SC-CO,
treatment). After 24 h of incubation in SC-CO,, a maximum activity of 860% was measured compared to the untreated
enzyme (using 1,2-O-dilauryl-rac-glycero-3-glutaric acid resorufin ester as substrate). SC-CO, treatment caused a weight
loss of about 4%. 0.47% of the weight loss (mean of three independent experiments) were separated as an oily extract in a
tube that was connected with the extractor and through which depressurization was performed. In the extract, free fatty acids
were found (mainly palmitic acid, stearic acid and oleic acid). No chemical modification on the protein reactive groups were
found as studied by determination of reactive free amino groups, determination of free —SH groups and by determination of
the carbonyl content (as an oxidation marker). No significant difference in the protein content between the untreated and
SC-CO, processed lipase powders were found. Tryptophan fluorescence emission spectra showed no change of the emission
maximum indicating no larger protein conformational change. SC-CO,-treated lipase showed no l0oss of its increased activity
after storage in a freezer for 6 months. © 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

Lipase from porcine pancreas (PPL) is a tri-
acylglyceral lipase (EC 3.1.1.3) with a sequence
of 449 amino acid residues [1-3] and seven
disulfide bonds [4]. Porcine pancreatic lipase
has been the most intensively characterized pan-
creatic lipase [5]. Its biochemical and biophysi-
cal properties are reviewed by Gargouri et a.
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[6]. PPL is used as a biocatalyst in the food
industry and for flavour production [7] and for
organic synthesis, e.g., for regioselective esteri-
fication, for enantioselective hydrolysis of
meso-compounds, for the regioselective acyla
tion of hydroxy compounds, for the lipase cat-
alyzed synthesis of sugar esters and for several
other utilizations in industrial scale as reviewed
in Ref. [8]. PPL has been already used as a
biocatalyst for the esterification of glycidol
[9,10] and for the enzymatic hydrolysis of tri-
olein and its partial glycerides in SC-CO, [11].
The research activities on enzymatic catalysis
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in SC-CO, are reviewed by Adtonen and
Rantakyla[12], Russell et al. [13], and Kamat et
a. [14]. In preceding studies, the stahilities
(against pressurization /depressurization steps,
the thermal stability and the long term stability)
of several enzymes (lipase from Candida ru-
gosa supplied by Sigma[15], lipase AY from C.
rugosa supplied by Amano [16], lipase PS from
Pseudomonas species from Amano [16] and
esterase EP10 from Burkholderia gladioli [15])
have been compared. Lipase from C. rugosa
(Sigma) [15] showed higher stability against
pressurization / depressurization steps and a 24-h
incubation at 75°C and 150 bar than the above-
listed enzymes and esterase from porcine liver
(Sigma) [16]. In this study, the unusua be-
haviour of porcine pancreatic lipase after treat-
ment with dry SC-CO, that can be possibly
used for production of highly active crude PPL
powder is described.

2. Experimental

All chemicals used if not otherwise stated
were purchased from Merck (Darmstadt) and
were of pro-analysis quality. 1,2-O-Dilauryl-
rac-glycero-3-glutaric acid resorufin ester
(DGGR) and Thesit (a trademark for poly-
oxyethlylene-9-lauryl ether) were supplied by
Boehringer Mannheim. 2,4-Dinitrophenyl-hy-
drazine was supplied by Sigma. Bovine serum
albumin (fatty acid free, purity > 98%) was a
kind gift of Hamosan (Graz). The carbon diox-
ide with a purity > 99,94% (v/v) and a dew
point lower than —60°C was purchased from
Linde (Graz) and stored in a tank with a capac-
ity of 3200 I. 2,4,6-Trinitrobenzenesulfonic acid
(TNBS; purum; 1 M in water) and 5,5-dithio-
bis(2-nitrobenzoic acid) (~ 99%) were supplied
by Fluka (Buchs). Lipase from hog pancreas
with an activity of 23.3 U/mg solid was sup-
plied by Fluka and lipase from porcine pancreas
with an activity of 20 U/mg solid from Serva
(Heidelberg) (activities given by the suppliers).
In this article, PPL is a lipase from pig or hog.

The lipase purchased by Fluka was stored at
—20°C and the lipase from Serva at +4°C as
recommended by the suppliers.

2.1. Treatment of lipase with SC-CO, and de-
termination of enzyme activity

For the first experiments, ~ 40 mg of lipase
from porcine pancreas (Serva) were balanced on
afilter paper and the folded filter was put inside
the bottom of an enzyme reactor (140 ml).

2.1.1. Thermal stability

Lipases were incubated for 1 h at tempera-
tures between 35°C and 105°C and 150 bar in
an enzyme reactor placed in a water bath (filled
with water or diethylene glycol).

2.1.2. Change of activity with incubation time

Incubation of PPL was performed up to 24 h
at 75°C in SC-CO, (the filters were always put
into a preheated reactor).

2.1.3. Sability against pressurization / de-
pressurization steps

Enzymes were incubated for 1 h at 150 bar
and 35°C before each depressurization. |mmedi-
ately after pressure reached atmospheric values,
pressurization was started again. During the
night, lipase samples from Serva were stored at
4°C until all 30 pressurization/depressurization
steps were finished. For al other studies, lipase
from Fluka was used. For the study of increase
of activity of the enzyme in SC-CO, (at
75°C/24 h and 150 bar) ~ 500 mg of lipase
from porcine pancreas was weighed in a 25-ml
beaker closed with a filter paper fixed with a
filament. This beaker was put into an enzyme
reactor and the reactor was weighed in a water
bath filled with diethylene glycol.

2.2. Determination of enzyme activities

After SC-CO, treatment, the filters were re-
moved from the enzyme reactor. The filters
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were put in plastic tubes (closed with a screw
cap) and stored under identical conditions as the
untreated PPL in a refrigerator or freezer for at
least 12 h before analysis.

2.2.1. Lipase assay

100 wl of a substrate solution (6 mg DGGR
was dissolved in 12 ml of a 1:1 mixture of
dioxan/Thesit (10% (w/v) in distilled H,0))
was added to 900 wl of the enzyme solutions
(0.1 M KH,PO,, pH = 6.8, enzyme concentra-
tion: 0.555 mg PPL /ml). The increase of ab-
sorbance at A 572 nm after a lag time of 100 s
was used to measure the enzyme activities. All
absorbance measurements were performed at
25°C with a Shimadzu UV 160A spectrophotom-
eter equipped with a Lauda RM6 temperature
control. Unit definition: One unit of lipase liber-
ates 1.0 pmole of resorufin from DGGR per
minute at pH = 6.8 and 25°C.

2.3. Protein determination

For measuring the protein content, the method
described by Bradford [17] was used. In detail,
the reagent solution was prepared by dissolving
100 mg SERVA Blue G in 50 ml 95% ethanol.
After addition of 100 ml 85% (w/v) H,PO, the
solution was diluted with distilled water to a
volume of 1 |. All sample solutions (and bovine
serum abumin standard solutions) were pre-
pared by dissolving the proteinsin 0.15 M NaCl
solution. 100 w! of the standard solutions (pro-
tein concentration 0.1-1 mg,/ml) and the sam-
ple solutions (1 mg,/ml) were mixed with 5 ml
of the Bradford reagent solution. After 5 min,
the absorbance at 595 nm was read against a
blank.

2.4. Measurement of weight loss and extract
analysis

For the determination of the weight loss of
PPL, a weighed portion of ~ 500 mg (exact
values see Table 1) was balanced into a 25-ml
beaker closed as aready described. This beaker

Table 1
Increase of activity of PPL (Fluka) by incubation of 500 mg in
SC-CO, (75°C, 150 bar)

Incubation Activity increase Relative activity
time[h] [U/dl [%]

Untreated 0.57+0.18 100

enzyme

1 1.90+0.21 333

8 2.53+0.22 444

24 3.43+0.40 602

50 3.40+0.43 596

was placed into an preheated extractor (volume
300 ml) and incubation for 24 h at 150 bar and
75°C was performed using a Spe-ed SFE instru-
ment (from Applied Separations). The beaker
plus the enzyme powder was balanced before
and immediately after treatment with SC-CO,,.
The extract was disengaged in a glass-tube con-
nected with the CO, outlet. Before and after
depressurization, the glasstube was balanced.
After depressurization, the extract was put at
once into a freezer and stored at — 20°C before
analysis. For analysis by gas chromatography
esterification of free fatty acids to fatty acid
methyl esters (FAME) was performed by using
BF;/MeOH as esterification reagent with small
modification as described by Sattler et al. [18]
for lipoprotein extracts. To the extract, 0.5 ml of
toluene and 1.0 ml BF;/MeOH were added and
esterification was performed at 110°C for 90
min with Teflon screw-capped tubes in a dryer.
After cooling, 2 ml distilled water were added
and extracted three times with n-hexane (2 ml).
The extracts were brought to dryness under a
stream of nitrogen at room temperature. The
residuals were dissolved in 300 wl methylene
chloride and used for analysis by gas chro-
matography.

2.5. Analysis of FAME by gas chromatography

FAME were chromatographed on a 60 m X
0.323 mm i.d. DB-WAX column (J& W Scien-
tific) with a film thickness of 0.5 um. Analysis
was performed with a Hewlett Packard HP 5890
Series |l chromatograph equipped with a tem-
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perature controlled autosampler (2°C) and a
flame ionization detector (FID, detector temper-
ature 300°C). Hydrogen was used as a carrier
gas at a flow rate of 0.934 ml /min. Following
temperature program was used: 210°C (4 min),
210°C-240°C (5°C/min) and 240°C.

2.6. Determination of moisture content of un-
treated / SC-CO,-treated PPL

To determine which percentage of the weight
loss after SC-CO, treatment (75°C/24 h per
150 bar) is caused by release of moisture from
the enzyme powder to carbon dioxide, a Sarto-
rius MA 30 moisture analyzer has been used.
495 mg untreated lipase or 500 mg SC-CO,-
treated lipase were balanced on disposable sam-
ple dishes and the moisture content was deter-
mined by heating for 7 min at 105°C. These
settings were used because no colour change of
the enzyme powder was observed and a shorter
drying period or lower temperatures caused less
weight loss.

2.7. Determination of protein reactive groups

To study if SC-CO, treatment (75°C /150 bar
per 24 h) causes a chemica modification of
reactive groups on the protein, the following
methods have been used.

The free thiol (=SH groups) content of the
enzyme powder has been determined by the
method described by Ellman [19]. A total of
39.6 mg of 5,5-dithiobig2-nitrobenzoic acid)
were dissolved in 10 ml 0.2 M KH,PO, buf-
fer pH =7.0. 10 ml of PPL solutions in 0.2 M
KH ,PO,-buffer pH =8.0 were prepared and
insoluble parts were removed by filtering
through 0.22 wm cellulose acetate syringe fil-
ters. 3-ml protein solution was mixed with 2 ml
0.2 M KH,PO,-buffer pH =8.0 and 5 ml dis-
tilled water. 20 ! of the reagent solution were
added to 3 ml of this mixture and the ab-
sorbances at 412 nm were measured after 40
min against a blank.

Determination of the content of free amino
groups (& —NH, groups of lysine residues) of
the enzyme powder was performed as published
in Ref. [20]. 1 ml of the PPL solutions (1
mg,/ml) in 4% NaHCO, pH = 8.5 were pre-
pared and mixed with 1 ml of the reagent
solution. The blank solutions contained 1 ml of
the PPL solution + 3 ml conc. HCI (37%; w /w)
solutions+ 1 ml reagent. This solutions were
incubated for 2 h at 40°C. The samples were
treated exactly in the same way as described in
Ref. [20]. The absorbance at 346 nm (measured
against a blank) was used to compare to number
of free —=NH,, of untreated or SC-CO, PPL.

The carbonyl content of PPL was determined
by the method described by Fields and Dixon
[21]. A reagent solution of 5 mM 24-di-
nitrophenylhydrazine in 2 M HCI was prepared.
PPL solutions with 0.25, 0.5 and 1 mg/ml in
0.2 M KH,PO, pH=6.9 were prepared and
filtered through a 0.22-pm cellulose acetate
syringe filter. A 0.3-ml portion of 10 M HCI
was added to 2.1 ml of a PPL solution before
mixing with 0.1 ml of the reagent solution.
After incubation for 90 min (time until the
absorbance at 370 nm reached a constant value),
the solutions with PPL concentrations > 0.25
mg,/ml became turbid. Therefore, the solution
with the lowest protein concentration (0.25
mg,/ml PPL) was used for determination of the
carbonyl content.

2.8. Tryptophan fluorescence

The lipase was dissolved in the same buffer
as used for the activity measurements. The
emission spectra of the clear solution (after
filtering through a 0.22-pm cellulose acetate
syringe filter) were recorded at 30°C with a
Perkin Elmer LS50B spectrofluorimeter (instru-
ment settings: excitation wavelength 280 nm,
emission wavelengths 300—420 nm, excitation/
emission dlit 3 nm, scan speed 100 nm/min)
equipped with a temperature control. The emis-
sion spectra are the mean over five scans.
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3. Results and discussion

3.1. Treatment of lipase with SC-CO, and de-
termination of enzyme activity

In Fig. 1(a), the change of activity after
treatment with SC-CO, of lipase from porcine
pancreas (Serva) is shown. Incubation for 1 h at
temperatures below 65°C leads to no significant
loss/increase of enzyme activities as observed
for severa other enzymes [15,16]. Interestingly,
an incubation for 1 h at 75°C and 150 bar leads
to an increase of activity to a value of 242.6%
of the initial activity (0.453 U /g solid). Com-
pared to 75°C, the increase of the specific activ-
ity at temperatures between 85°C and 105°C
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Fig. 1. Effect of treatment of 40 mg PPL (Serva) with SC-CO, in
a 140-ml enzyme reactor: (a) activity change after 1 h incubation
at a pressure of 150 bar, (b) dependency of activity increase with
incubation time at 75°C and 150 bar, (c) activity change after
pressurization /depressurization steps after 1 h incubation at 150
bar and 35°C.

were adways lower (Fig. 1(a)). For esterase from
P. marginata [15], lipase from C. rugosa
(Sigma) [15], lipase from P. species (Amano)
[16] and lipase AY from C. rugosa (Amano)
[16], no such effect was observed. Only a de-
crease or no effect on enzyme activity was
caused by treatment with SC-CO, at tempera-
tures > 75°C. For the increase of the activity of
PPL, a time-dependent effect was observed. As
shown in Fig. 1(b), within the first hours of
incubation of 40 mg PPL in a 140-ml reactor, a
rapid increase of activity took place reaching an
activity of 3.90 U/g enzyme powder (860%
activity increase) after 24 h of incubation. The
effect of several pressurization /depressurization
steps on PPL is shown in Fig. 1(c). Even after
several pressurization/depressurization  steps
PPL showed an increase of activity to a value of
0.88 U/g enzyme powder (191% activity in-
crease). Kasche et al. [22] and Lozano et al. [23]
showed that pressurization/depressurization
steps are causing enzyme inactivation and at
previous studies in our department only a loss
of enzyme activity or no influence on activity
after several steps [15,16] was observed. Until
now, there has been only one report that by
treatment with SC-CO,, an increase of enzyme
activity was observed, but this effect is very
small compared to the results presented in this
work: Kamihira et al. [24] showed that treat-
ment with SC-CO, (200 atm, 2 h, 35°C) leads
to a small increase of activity of a-amylase in
presence of microorganisms (21% and 35% ac-
tivity increase) under conditions as used for
sterilization.

For further experiments, lipase from hog pan-
creas (Fluka) was used to check if this effect
occurred only with the crude PPL preparation
supplied by Serva. The results obtained by PPL
from Fluka were similar (data not shown). In-
stead of ~ 40 mg PPL for further experiments,
500 mg of PPL (Fluka) have been used. The
increase of the activity of PPL is shown in
Table 1. The enzyme powder that has been
incubated for 24 h at 75°C showed the highest
activity increase and is used for all further
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Table 2

Weight loss of lipase from porcine pancreas by SC-CO, treatment (75°C, 150 bar, 24 h)

Weighed portion Tube + enzyme before SC-CO, Tube + enzyme after SC-CO, Weight loss Extract
of lipase [mg] treatment [g] treatment [g] [mg] [mg]
498.0 13.7710 13.7503 20.7 (4.2%%) 12
504.1 13.4615 13.4423 19.2 (4.1%%) 20
519.9 24.9536 24.9243 29.3 (5.6%) 4.1

®Relative loss of weight in percent compared to weighed portion balanced immediately after depressurization.

comparisons between untreated and SC-CO,-
treated PPL.

No further increase of the activity (compared
to the activity after 24 h) was observed after
incubation of PPL for 50 h. A similar increase
of enzyme activity was observed if 500 mg
enzyme powder were incubated for 24 h at 75°C
and 150 bar in a 300-ml extractor (615% in-
crease of activity) or in a 140-ml enzyme reac-
tor (602% increase of activity). PPL was also
incubated for 24 h at 75°C in a dryer (under air
oxygen at atmospheric pressure) to exclude the
possibility that this effect is only caused by
partial thermal unfolding of the protein. Only a
small increase of the activity from 0.57 U/g
(untreated) to 0.91 + 0.09 U /g (159.7% activity
increase; 75°C) solid was observed compared to
the activity after SC-CO,, treatment 3.40 U /g.

3.2. Protein determination

The protein content of PPL supplied by Serva
was determined with 5.7% + 0.7% (mean + SD;
n=4; w/w) and of PPL supplied by Fluka with
15.3% + 0.4% (n=4; w/w). PPL treated for
24 h with SC-CO, (75°C, 150 bar) had a protein
content of 14.9% + 0.5% (n=4; w/w). These
results indicate no significant difference (P <
0.05) of the protein content before and after
SC-CO, treatment. By the fact that no change
of the protein content occurs, the relative activ-
ity changes of the activity in U/g solid are
identical with the changes of the specific activ-
ity in U /g protein.

3.3. Weight loss and extract analysis

In Table 2, the weight loss of PPL after
treatment with dry SC-CO,, of three extractions

with ~ 500 mg enzyme powder is listed. A
mean weight loss of 4.6% + 0.8% (by exposure
for severa minutes to air humidity, this value
decreases) was observed, but in the class tube
connected with the outlet, only 0.47% + 0.28%
(mean + SD; n=3) of the extract was found.
After derivatisation as used for free fatty acid
analysis, the fatty acids listed in Table 3 were
identified in the extract. The main components
found were palmitic acid, stearic acid and oleic
acid. The fact that by this procedure unsaturated
free fatty acids are removed leads to the specu-
lation that the storage life of the SC-CO,-treated
PPL may increase (because unsaturated free
fatty acids oxidize under air oxygen and may
inactivate PPL). By using a moisture anayzer
(see Section 2.6) a weight loss (moisture con-
tent) of 4.99% was observed for untreated PPL
and only 3.13% for SC-CO,-treated PPL. This
means that part of the weight loss of SC-CO,-
treated PPL is water. The water content ob-
served by us for untreated PPL (Fluka) is very
similar to the value of 5.5% determined by
others [10] for crude PPL (Sigma) by the Karl—
Fischer titration.

Table 3

Fatty acid analysis of the extract obtained from PPL as described
in Section 2.5 and analyzed by gas chromatography (see Section
2.6). The total peak area within a retention time of 16 min was set
100%

Free fatty acid Relative peak area[%]
Myristic acid (C14:0) 3.3
Palmitic acid (C16:0) 35.3
Palmitoleic acid (C16:1) 16
Stearic acid (C18:0) 23.6
Oleic acid (C18:1) 185
Linoleic acid (C18:2) 3.6
Relative area of all 85.9
identified peaks
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3.4. Determination of protein reactive groups

The protein sequence of PPL (sequence ob-
tained from the SWISS-PROT protein database)
contains 14 cysteine residues (amino acid posi-
tion 4, 10, 90, 101, 103, 181, 237, 261, 285,
296, 299, 304, 433, 449). Six disulfide bridges
were investigated using a variety of techniques
(Cys-4—-Cys-10, Cys-237-Cys-261, Cys-285-
Cys-296, Cys-299-Cys-304 and Cys-433-Cys
449) including an isomeric form (Cys-90-Cys-
101 or Cys-90-Cys-103) [4]. By using the
method described by Ellman et a. [19], no free
accessible —SH groups were determined. The
absorbance values at 412 nm were —0.0003 +
0.0011 (n = 3) for untreated PPL and —0.0026
+ 0.00058 (n=23) indicating the absence of
free accessible thiol groups in the enzyme pow-
der and no change of the number —SH groups
by SC-CO, treatment (no free accessible —SH
groups are formed by cleavage of disulfide
bridges).

PPL contains 21 lysine residues (amino acid
position 36, 42, 69, 80, 91, 95, 107, 136, 197,
232, 239, 295, 317, 341, 349, 350, 373, 397,
399, 419, 428). By determination of the free
amino groups by the method described in detail
in Section 2.7, the absorbance values at 346 nm
were 1.038 + 0.049 (n=6) for untreated PPL
and 1.051 + 0.054 (n=6) for SC-CO,-treated
PPL. There is no significant difference (P <
0.05) in the number of free —NH, and the
possibility that reactive decomposition products
(formed during incubation of crude PPL at 75°C)
modify the free amino groups can be excluded.
In case of subtilisin, it has been given a physical
demonstration by laser desorption mass spec-
troscopy (LD-MS) that carbon dioxide cova
lently modify proteins [25]. Kamat et a. [25]
speculate that carbon dioxide form covalent
complexes with free amino groups on the sur-
face of the enzyme.

Carbonyl formation has been used as an early
marker for various oxidative modifications of
amino acids in proteins [26]. The absorbance
values at 370 nm are for the untreated PPL

0.116 + 0.013 (n=8) and for SC-CO,-treated
PPL 0.104 + 0.019 (n = 8). These results indi-
cate no significant modification (P < 0.05) of
the carbonyl content prior and after SC-CO,
treatment. Decomposition of amino acid residues
or impurities under formation of carbonyl groups
was not observed.

3.5. Tryptophan fluorescence

PPL contains six tryptophan residues well
distributed over the whole protein sequence
(amino acid position 17, 85, 116, 252, 338 and
402). Fluorescence emission maxima of differ-
ent proteins were found in a large wavelength
range between 308 and 352 nm [27]. The blue
shift of fluorescence emission of Trp-residuesin
proteins compared to free Trp is interpreted as
being due to the shielding of the tryptophan
residues from the aqueous phase and it is not
surprising that for small proteins, there is a
substantial contact of the tryptophan residues
with the agueous phase [27]. The emission max-
ima of PPL upon excitation a 280 nm were
found at 341 nm (severa Trp residues are ex-
posed to the agueous phase) for both untreated
and SC-CO,-treated PPL and no change of the
band shapes of the emission spectra occurred
(data not shown). These results indicate no larger
conformational change by SC-CO, treatment.

4, Conclusions

Thisisthe first report that an enzyme activity
increases severa-fold after treatment with SC-
CO,. The procedure described here has several
advantages (it is not labor-intensive, there is no
loss of enzyme powder and no solvent residues
remain in the PPL powders). It may be used for
PPL powders to increase the specific activity of
this industrially important biocatalyst but further
tests have to be performed if SC-CO,-treated
PPL shows changesin its regio- or enantioselec-
tivity.
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