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A procedure for the purification of a very hydrophobic lipase from Pseudomonas sp. strain ATCC 21808 was
elaborated by avoiding the use of long-chain detergents in view of subsequent crystallization of the enzyme. The
purification procedure included chromatography on Q-Sepharose in the presence of n-octyl-o-D-glucopyrano-
side, Ca2" precipitation of fatty acids, and Octyl-Sepharose chromatography. The enzyme was purified 260-
fold to a yield of 35% and a specific activity of 3,300 U/mg. The molecular weight was determined as 35,000;
a polyacrylamide gel under nondenaturing conditions revealed a band at 110,000, and the isoelectric point
proved to be at 4.5 to 4.6. The lipase crystallized with different salts and ethylene glycol polymers in the
presence of n-octyl-o-D-glucopyranoside and one alkyloligooxyethylene compound (C.EY) in the range from
C5E2 to C8E4. The crystals diffract to a resolution of about 0.25 nm. Precession photographs revealed that they
belong to space group C2 with lattice constants of a = 9.27 nm, b = 4.74 nm, c = 8.65 nm, and f = 122.30,
indicating a cell content of one molecule per asymmetric unit of the crystal. In hydrolysis of triglycerides, the
lipase showed substrate specificity for saturated fatty acids from C6 to C12 and unsaturated long-chain fatty
acids. Monoglycerides were hydrolyzed very slowly. The N-terminal sequence is identical to that of the lipase
from Pseudomonas cepacia. Treatment with diethyl-p-nitrophenylphosphate affected the activities toward
triolein and p-nitrophenylacetate to the same extent and with the same velocity.

Lipases are surface-active enzymes because binding to
emulsified triglyceride substrates markedly increases their
hydrolytic activity compared with their activity toward
dissolved substrates (24). By biochemical (24) and three-
dimensional structural studies (5, 26), they were shown to
act as serine hydrolases with a serine-histidine-aspartate
triad at the active site, like serine proteases. The sequence
around the reactive serine residues in the lipases from
human pancreas (26) and Mucor miehei (5) is conserved.
Homologous sequences have been found in all of the lipases
sequenced (1, 6). However, the mechanism of activation at
interfaces and the way the bulky substrate gains access to
the buried active site (5, 26) is not understood. The three-
dimensional structures of other lipases may provide further
insight into these questions.

Several Pseudomonas species have been shown to pro-
duce lipases (16, 22, 23). Some of them have been se-
quenced, i.e., Pseudomonas fragi (2, 15), P. cepacia (19),
and P. aeruginosa (28), and until 1990, crystallization of only
one Pseudomonas lipase has been described (23). The en-
zyme of Pseudomonas sp. strain ATCC 21808 is an attract-
ive lipase. It is stable at high temperature (50 to 60°C) and
over a broad pH range (pH 5 to 10), according to Kobayashi,
who has also described its activity on natural oils and fats, its
intestinal absorbability, and its effect on hyperlipemia (13).
By using the purification procedure he described, he was
unable to crystallize the lipase. We elaborated a short
purification protocol adapted to the high hydrophobicity of
the lipase in view of subsequent crystallization, which is the
crucial step in elucidation of the three-dimensional protein
structure.

* Corresponding author.

MATERIALS AND METHODS

Materials. Q-Sepharose Fast Flow, Octyl-Sepharose CL-
4B, ready-to-use polyacrylamide gels, protein standards,
and the equipment for chromatography and electrophoresis
(PhastSystem) were purchased from Pharmacia/LKB,
Freiburg, Federal Republic of Germany. Triolein was ob-
tained from either Sigma or Serva (Munich and Heidelberg,
respectively, Federal Republic of Germany). Nutrient olive
oil was used for enhancement of lipase production during
fermentation. The other glycerides, Triton X-100, diethyl-p-
nitrophenylphosphate (Paraoxon [E6.]), and phenylmethyl-
sulfonyl fluoride (PMSF) were delivered by Sigma. p-Nitro-
phenylpalmitate, naphthylacetate, Fast Red TR-salt, and
gum arabic were from Serva. N-Octyl-,3-D-glucopyranoside
(OG) was purchased from Boehringer (Mannheim, Federal
Republic of Germany), and n-alkyloligooxyethylenes were
from Bachem (Bubendorf, Switzerland). Sequencing re-
agents and solvents were purchased from Applied Biosys-
tems Inc. (Weiterstadt, Federal Republic of Germany). All
other chemicals were from Merck (Darmstadt, Federal Re-
public of Germany).

Bacterial strain and lipase production. Pseudomonas sp.
strain ATCC 21808 was obtained from the American Type
Culture Collection (Rockville, Md.). A 180-liter volume of
culture medium consisting of 0.5% peptone and 0.5% yeast
extract (both from Oxoid, Wesel, Federal Republic of Ger-
many), 0.05% NaCl, and 1% olive oil (pH 7) in a fermentor
(Braun, Melsungen, Federal Republic of Germany) was
inoculated with 1.8 liters of an overnight preculture in 0.5%
peptone and 1% olive oil. The cultivation was run at 20°C for
70 h under aeration at 0.2 volume of air/volume of medium/
min and 250 rpm. The pH was maintained by addition of
NaOH. Lipase production reached a maximum after 68.5 h.
The cells were separated in a flowthrough centrifuge (Pad-
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berg, Lahr, Federal Republic of Germany). The supernatant
was then concentrated 10 times by using a cross-flow ultrafil-
tration unit (Millipore, Eschborn, Federal Republic of Ger-
many) and a membrane (type omega) with a nominal molec-
ular mass cutoff of 10 kDa. The retentate was stored at
-20°C until it was used for purification.
Assays for lipase activity. (i) pH-Stat method. The triolein

emulsion was prepared as described by Peled and Krenz
(20). One gram of triolein (Serva) and 30 ml of Triton X-100
were mixed and heated to 55°C in a water bath. Two hundred
milliliters of a 0.9% NaCl solution (heated to 55°C) was
added in portions while stirring. The pH was adjusted to 8.0
with NaOH. For each assay, 25 ml of the emulsion was
preincubated at 37°C for 10 min and then placed on a
thermostat-equipped stirrer of the pH-Stat (Radiometer,
Copenhagen, Denmark). The pH of the titrator was set to
8.0, and the reaction was started by addition of a lipase
solution. Liberated fatty acids were continuously titrated
with 0.01 M NaOH to a constant pH of 8.0. The amount of
NaOH used was recorded. Substrate specificity was mea-
sured by using tri-, di-, and monoglycerides of various fatty
acids.

(ii) Photometric assay. The photometric assay substrate
was prepared as described by Winkler and Stuckmann (27),
with slight modifications. Solution A contained p-nitrophe-
nylpalmitate (pNPP) or p-nitrophenylacetate (pNPA) dis-
solved in 10 ml of 2-propanol to concentrations of 16.5 and
50 mM, respectively, with a sonicator (Bandelin, Berlin,
Federal Republic of Germany) for 6 min at room tempera-
ture. Solution B for the pNPP assay consisted of 50 mM Tris
HCI buffer (pH 8) containing 0.4% Triton X-100 and 0.1%
gum arabic. For the pNPA assay, 50 mM potassium phos-
phate buffer (pH 7) was used because of the instability of
pNPA at pHs higher than 7. Triton X-100 and gum arabic
were omitted because pNPA is soluble. The solutions were
stable for about 2 weeks when refrigerated. The reaction
mixture consisting of 1 part solution A and 9 parts solution B
was prepared fresh before the assay. A 100-pd volume of an
appropriate dilution of the enzyme solution was added to 900
,Rl of the reaction mixture. The kinetics were detected at 410
nm and 37°C by using an Ultrospec K photometer (Pharma-
cia/LKB). Under the conditions used, the extinction coeffi-
cient (8410) of p-nitrophenol was 15 x 106 cm2/mol.
One unit of lipase activity was defined as the amount of

enzyme that liberated 1 ,umol of fatty acids or p-nitrophenol
from triolein and pNPP, respectively, per min.

Protein determination. Protein was measured photometri-
cally by the method of Bradford (4) with Coomassie Protein
Assay reagent (Pierce, Rockford, Ill.).

Purification of the lipase. All lipase purification steps were
performed at 5°C.

(i) Anion-exchange chromatography. A 1.5-liter volume of
the ultrafiltration retentate was adjusted to pH 9 with NaOH
and added to a batch of 300 ml of Q-Sepharose Fast Flow
that had previously been equilibrated with 20 mM glycine
buffer, pH 9. The suspension was applied to a Buchner
funnel (with no vacuum), and the unbound proteins were
washed out with 1 liter of the initial buffer and 1 liter of buffer
containing 0.2 M NaCl. The Q-Sepharose gel was then
poured into a 5-cm-diameter column and eluted by a linear
gradient of 0.2 M NaCl to 1 M NaCl plus 0.35% OG in
glycine buffer (1,200 ml). The fractions were assayed by the
pNPP method.

(ii) CaC12 treatment and hydrophobic-interaction chroma-
tography (HIC). The combined active fractions from the
Q-Sepharose chromatography were mixed with the same

volume of 0.8 M CaCl2 in 20 mM glycine buffer (pH 9) and
stirred for 10 min, and the precipitate was centrifuged at
10,000 x g for 15 min at 4°C. The supematant was applied to
300 ml of Octyl-Sepharose CL-4B that had previously been
equilibrated with 0.4 M CaCl2 in buffer by using the batch
procedure described above. Unbound material was washed
out with 600 ml of 0.4 M CaCl2 in buffer and 900 ml of buffer
without salt. After the gel was poured into a column (5-cm
diameter), the lipase was eluted by a linear gradient of 0 to
55% buffered 2-propanol. The fraction tubes were supplied
with half of the fraction volume of buffer to dilute the
2-propanol. The pooled lipase-containing fractions were
applied to the Q-Sepharose column and eluted as described
above to remove the 2-propanol.

Electrophoresis. (i) SDS-PAGE. Sodium dodecyl sulfate
(SDS)-polyacrylamide gel electrophoresis (PAGE) was per-
formed with the PhastSystem, ready-to-use gels, and SDS
buffer strips from Pharmacia/LKB. Gradient gels were used
with a continuous 8 to 25% gradient with 2% cross-linking in
the separating gel zone. The buffer system in the gels was
0.112 M acetate and 0.112 M Tris (pH 6.4). The SDS buffer
strips were made of 2% agarose in a buffer containing 0.2 M
tricine, 0.2 M Tris, and 0.55% SDS (pH 7.5). The sample
buffer was composed of 10 mM Tris HCI, 2.5% SDS, 5%
mercaptoethanol, and 8% glycerol (pH 6.8). For reference
proteins, the low-molecular-weight standard mixture from
Pharmacia/LKB was used. The separation was run for 67
Vh. The gels were stained with AgNO3 in the PhastSystem
development unit by the method of Heukeshoven and Der-
nick (12).

(ii) Nondenaturing PAGE. Nondenaturing PAGE was per-
formed with the PhastSystem (Pharmacia/LKB) by using the
same gradient gels (8 to 25% T). The buffer strips contained
0.88 M L-alanine and 0.25 M Tris (pH 8.8). The high-
molecular-weight standard from Pharmacia/LKB was used
as the reference. The separation was run for 280 Vh. Either
the gels were stained with AgNO3 or the lipase was identified
by a zymogram (see below).

(iii) IEF. Isoelectric focusing (IEF) was performed with
ready-to-use gels with pH ranges of 3 to 9 and 4 to 6.5 and
the PhastSystem (Pharmacia/LKB). The IEF gels were
homogeneous polyacrylamide gels (5% T and 3% C) contain-
ing Pharmalyte carrier ampholytes in the respective ranges.
Mixtures of pI markers (Pharmacia/LKB) between pHs 3.5
and 9.3 and between pHs 2.8 and 6.5 were used. The
separations for both pH ranges were run for 410 Vh. The gels
were stained with AgNO3 or the lipase was identified by a
zymogram (see below).

(iv) Zymogram. Zymogram solution A contained 20 mg of
a-naphthylacetate dissolved in 5 ml of acetone, to which 45
ml of 100 mM potassium phosphate buffer (pH 7) was added
while stirring. Solution B consisted of 50 mg of Fast Red
TR-salt in 50 ml of the same buffer. The solutions were
prepared freshly and mixed 1:1 prior to use. The gels were
incubated in the reaction mixture on a gel shaker for 5 to 15
min. On esterase activity, redness due to formation of a
complex between the naphthyl residue and Fast Red devel-
ops.

Inhibition experiments. A 1.9-ml volume of lipase (final
concentrations, 2 ,uM in the test with E6. and 1 ,uM in that
with PMSF) was incubated with 0.1 ml of E6. or PMSF
dissolved in 2-propanol to a final concentration of 0.5 to 2
mM at room temperature. Enzyme activity was measured in
aliquots throughout the experiment by either the pH-Stat or
the photometric method. Control experiments were run with
0.1 ml of 2-propanol instead of the inhibitors.
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N-terminal sequencing. Sequence analysis was performed
by using a 470 A gas phase sequencer (Applied Biosystems)
based on the Edman degradation method (8). Amino acids
were identified as phenylthiohydantoin derivatives by on-
line high-performance liquid chromatography separation
(PTH Analyzer; Applied Biosystems). The relative increase
of the peaks in each step was calculated.

Crystallization. To establish the best crystallization condi-
tions, the hanging-drop method was used (3). All experi-
ments were done at room temperature. Crystals suitable for
X-ray diffraction grew in sitting drops.
X-ray diffraction studies. Precession photographs of single

crystals were taken with a Huber precession camera
mounted on a Rigaku RU-200 rotating-anode X-ray genera-
tor at 50 kV and 100 mA using graphite monochromated Cu
K. radiation.

RESULTS

Purification of the lipase. The culture supernatant was
concentrated from 180 to 18 liters by cross-flow ultrafiltra-
tion. Since the lipase adsorbed strongly to the filter mem-
branes, these were intensively washed with 20 mM glycine
buffer (pH 9). Portions of 1.5 liters of the ultrafiltration
retentate were titrated to pH 9 with NaOH and then applied
to 300 ml of Q-Sepharose equilibrated with 20 mM glycine
buffer (pH 9) in the batch procedure described in Materials
and Methods. Because of additional hydrophobic interac-
tions of the lipase with the gel matrix, a detergent had to be
added to the NaCl elution buffer. OG was chosen because of
its compatibility with crystallization (17) and its good desorb-
ing properties.
At this stage, several active high-molecular-weight bands

were visible on nondenaturing PAGE (data not shown) with
Mrs between 120,000 and 175,000, presumably due to dif-
ferent complexes of lipase, glycerides, fatty acids, and
probably other contaminating proteins. This suspension was
treated with 0.4 M CaCl2 in 20 mM glycine buffer, and the
resulting precipitate, consisting of the Ca2+ salts of fatty
acids, was removed by centrifugation. In the resuspended
pellet, no lipase activity was detectable. This pretreatment
of the enzyme solution improved separation on the following
HIC significantly. The clear supematant was applied to
Octyl-Sepharose CL-4B. After a series of tests in 2-ml
columns using a kit of materials for HIC with alkyl chain
lengths from C2 to C12, the octyl residue proved to be the
best-suited ligand for this lipase in hydrophobic-interaction
chromatography, with respect to binding affinity and recov-
ery (data not shown). The lipase bound to Octyl-Sepharose
was extensively washed with 0.4 M buffered CaCl2 and
glycine buffer without salt and then eluted by a gradient of 0
to 55% buffered 2-propanol. OG in concentrations of up to
1% (critical micelle concentration, 0.73%) was not effective
in eluting the lipase. Extensive inactivation of the lipase by
2-propanol was prevented by diluting the eluate immediately
in the fraction tubes with half of the volume of buffer. To
remove 2-propanol, the pooled active fractions were applied
to the Q-Sepharose column and the lipase was eluted as
described above with almost no loss of activity. SDS-PAGE
(Fig. 1A) revealed a single protein band with a molecular
weight of 35,000. Faint impurity bands made up less than 1%
of the protein, which was determined by a series of dilutions
of the samples on SDS gels (data not shown). On a zymo-
gram after nondenaturing PAGE (Fig. 1B), one band at 110
kDa (duplicates on the same gel together with the Mr
standard were stained with AgNO3) was observed, indicat-
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FIG. 1. (A) SDS-PAGE of the different steps used in lipase
purification. A gradient gel of 8 to 25% T was used. Lanes: 1 and 5,
molecular weight standards; 2, concentrated culture supernatant; 3,
Q-Sepharose eluate; 4: Octyl-Sepharose eluate; 6: dissolved lipase
crystals. (B) PAGE under nondenaturing conditions. Lanes 1 and 2
were stained for lipase activity, and lanes 3 to 5 were silver stained.
Lanes: 1 and 4, dissolved lipase crystal; 2 and 5, lipase after
Octyl-Sepharose chromatography; 3, molecular weight standards.

ing a trimeric complex of the lipase. By this purification
procedure, the lipase was purified 260-fold, with a yield of
35%. The specific activities of the purified enzyme were
3,310 U/mg (pNPP assay) and 2,070 U/mg (pH-Stat assay
with triolein substrate) (14). IEF in combination with a
zymogram revealed a pl of about 4.5 (Fig. 2).

Substrate specificity. Figure 3 shows the relative activities
for hydrolysis of tri-, di-, and monoglycerides of different
fatty acids. Short and saturated long-chain glycerides were
very poor substrates. In the series of triglycerides of satu-
rated fatty acids from C4 to C18, maximum activity was
found at C8 and C1o. In contrast, the enzyme showed high
activity toward unsaturated long-chain substrates. Mono-
glycerides were hydrolyzed very slowly.

Stability toward organic solvents. Since it was not possible
to elute the lipase from Octyl-Sepharose by OG, we had to
use organic solvents. The stability of the lipase toward
ethanol and 2-propanol was tested at different concentra-
tions at room temperature. Aliquots were withdrawn, and
residual activity was measured by the pH-Stat method. The
crude enzyme showed high stability toward solvents over
the observation period. A comparison between purified
lipase and crude lipase demonstrated that crude lipase was

J. BACTERIOL.
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FIG. 2. IEF of the lipase in the pH range from 4 to 6.5. Lane 1
was stained for lipase activity, and lanes 2 and 3 were silver stained.
Lanes: 1, pure lipase; 2, pl standards (pH 2.8 to 6.5); 3, pI standards
(pH 3.5 to 9.3). The IEF bands which are partially very faint are also
marked on the right.

significantly more resistant to higher concentrations of eth-
anol (>40%) than to lower concentrations (20%), whereas
purified lipase was inactivated by concentrations of >40%.

Inhibition of the lipase. Inhibition of the lipase activities
toward emulsified triolein and dissolved pNPA by a 1,000-
fold molar excess of E6. is shown in Fig. 4. For both
substrates, the decrease of activity revealed the same time
course. After 1 h, the residual activity was 1%. This may
indicate that E6. was bound to a serine residue at the
catalytic site presumably responsible for hydrolysis of both
dissolved and emulsified substrates.

In contrast to E6., PMSF did not inhibit the lipase
activities under the same conditions. On the basis of the
assumption of Verger and coworkers (18) that the active site
of lipases is accessible for specific inhibitors only when the
enzymes are bound to interfaces, we modified the setup of

t (min)

FIG. 4. Inhibition by E6. of lipase activities toward triolein (i)
and pNPA (A). A 1.9-ml volume of a 2 ,M enzyme solution was
incubated with 100 RIl of E6. (final concentration, 2 mM), and the
activity was measured by the pH-Stat method (triolein) and by
photometric assay (pNPA). The controls were run with 100 RIl of
2-propanol (open symbols).

the experiment. The lipase was treated with PMSF which
had been emulsified by addition of 2% gum arabic. In a
second experiment, PMSF was added to lipase already
reacting with a triolein emulsion. Even in these tests, PMSF
showed no inhibitory effect. The time course for inhibition
by emulsified Ewo showed no difference from that obtained
with dissolved E60.

N-terminal sequencing. The protein sample for N-terminal
sequencing was prepared by excessive diafiltration against 5
mM sodium acetate (pH 5). The following 24-amino-acid
sequence was identified: A-D-N-Y-A-A-T-R-Y-P-I-I-L-V-H-
G-L-T-G-T-D-K-Y-A. The sequence was found to be iden-
tical to the N terminus of the lipase from P. cepacia (19).

Crystallization. For crystallization of the lipase, we tested
several salts, 2-methyl-2,4-pentanediol, and polyethylene
glycols as precipitants at pHs 4 to 8. A series of low-
molecular-weight detergents (OG, C5E2, C6E2, C6E4, C6E,
C7E4, C8E2, octyltetraoxyethylene, and dimethyldecylamine-
oxide) and amphiphiles (hexanetriol and octanetriol) were
used as additives (9, 17). Crystals were obtained with
(NH4)2SO4 (pH 4), sodium tartrate (pH 5.5), sodium phos-
phate (pH 4.2), MgSO4 (pH 5.5), polyethylene glycol 4000

100- A
90 . triglyceride

X' 80EM diglyceride.
2. 70 .Z2 monoglyceride
' 60.
0o 50-

:p 40-o
'a 30-

20 1
B_ triglyceride

E3 diglyceride
E monoglyceride

2 4 6 8 10 12 14 16 18 20 22 cis trans cis trans
No. of C-atoms C181 C182

FIG. 3. Substrate specificity. (A) Glycerides of saturated fatty acids. (B) Glycerides of unsaturated C18 fatty acids. Activity was tested by
the pH-Stat method at 37°C and pH 8. Emulsions of the respective glycerides (5 mM) were prepared in 0.9o NaCl-200 mM Triton X-100 by
using an Ultraturrax (JKA).

VOL. 173, 1991

44W 1400
U. ARM



4840 KORDEL ET AL.

FIG. 5. Precession photograph of a crystal of the lipase of
Pseudomonas sp. strain ATCC 21808.

(pH 4.1), polyethylene glycol 20000 (pH 4), and NaCl (pH 8)
in the presence of OG and one of the n-alkyl-oligooxyethyl-
enes. Crystals appeared within 24 to 48 h at room tempera-
ture as hexagonal plates. Crystals suitable for X-ray diffrac-
tion studies grew to approximately 600 by 100 by 50 ,m
within 1 to 2 weeks at pHs 5 to 5.5 in sitting drops of 6 mg of
lipase per ml in the presence of 1.6% OG and 4.8% octyltetra-
oxyethylene equilibrated against 8% (wt/wt) sodium tartrate.
In drops with OG as the single additive, only sea urchin-like
crystal forms were observed. When only octyltetraoxyeth-
ylene was added, no crystals were obtained. Figure 1A and
B shows lipase material from dissolved crystals under dena-
turing and nondenaturing conditions, respectively. Crystals
grown in sodium tartrate were centrifuged, washed four
times in 8% sodium tartrate (pH 5), and then dissolved in
water. Figure 1B proves that the crystals were formed by
lipase in the active conformation.

X-ray diffraction. Precession photographs (Fig. 5) revealed
that the crystals belong to the monoclinic crystal system,
space group C2. The lattice constants were estimated as a =

9.27 nm, b = 4.74 nm, c = 86.5 nm, and 1B = 122.30. This
yields a packing density of Vm = 2.4 nm3/dalton, assuming a
cell content of one molecule per asymmetric unit. The
crystals diffracted to a resolution of about 0.25 nm.

DISCUSSION

The lipase of Pseudomonas sp. strain ATCC 21808 differs
from the other Pseudomonas lipases described in the litera-
ture (1, 16, 22, 23) in at least one of the following properties:
Mr, pl, optimum pH, optimum temperature, thermal stabil-
ity, and especially hydrophobicity. The purification proce-
dures described in the literature were not applicable to the
lipase from Pseudomonas sp. strain ATCC 21808. After
anion-exchange chromatography with NaCl as the eluent,
lipase recovery was only 40% and the elution profile showed
immense tailing. Obviously, there were strong hydrophobic
interactions between the enzyme and the gel matrix which
could be eliminated only by addition of detergents such as
OG to the eluting buffer.

In contrast, OG was not effective in desorbing the lipase
from Octyl-Sepharose. This shows that this step represents
HIC rather than affinity chromatography. Because of the
strong hydrophobic interactions, 55% 2-propanol had to be

used for elution, with the positive effect that all other
contaminants were desorbed before. The recovery of this
HIC ranged between 60 and 80%, although isolated pure
lipase was strongly inhibited by 40% 2-propanol. We assume
that the lipase bound to the octyl ligands was inactivated to
a lower extent than the isolated enzyme because crude lipase
covered with lipids also showed higher stability toward the
solvent.
The difference between the lipase (specific) activities

measured by the pNPP and pH-Stat assays is attributable to
the fact that the different substrates form emulsions of
different qualities, which is also affected by the nature of the
detergents, the differences in the amounts of substrates and
detergents used, and the substrate-detergent relationships.
The investigation of specificity for triglyceride substrates

revealed that esters of short-chain fatty acids are very poor
substrates, which is typical for real lipases. The observed
decrease in activity toward triglycerides with increasing
chain length beyond C8 and the higher activity toward the
triglycerides of the more flexible single and double unsatu-
rated C18 chains are supposed to reflect the dependence of
the enzyme on appropriate surface tension and viscosity
(11), which vary with fatty acid chain length and the number
of double bonds, and not to show real substrate specificity.
Verger and coworkers demonstrated that enzyme activity
changed with varying surface tensions, yielding an optimum
curve. Thus, our interpretation is as follows. Short-chain
triglycerides are bad substrates because they show a lower
tendency to form micelles and the surface tension is subop-
timal. Very long-chain, saturated triglycerides are packed
very densely because of strong hydrophobic interactions
between the hydrocarbon chains, resulting in increasing
surface viscosity with increasing chain length. Conse-
quently, the lipase, which is supposed to penetrate partially
into the lipid layer, can no longer come in close contact to
the substrate molecules. By the monomolecular film tech-
nique, by which surface tension of lipid films and tempera-
ture effects can be controlled (25), we are investigating
whether this explanation also holds for the substrate prefer-
ence shown here. The low activity toward monoglycerides
may be interesting for technical applications of the lipase
because monoglycerides are used as emulsifiers or dietary
fats.
We successfully crystallized this lipase in contrast to

Kobayashi (13), who used Triton X-100 in the purification
procedure. We therefore conclude that omitting long-chain
detergents in the isolation of hydrophobic proteins is impor-
tant if crystallization is desired, as it is impossible to remove
them from proteins once they are bound (10). Addition of
one of the alkyloligooxyethylenes (octyltetraoxyethylene
was used throughout) as a second detergent besides P-octyl-
glucopyranoside proved to be essential for growth of crystals
suitable for X-ray analysis. Very recently, the first crystal-
lographic studies for lipases from Pseudomonas species, P.
glumae (7), and P. putida (21), were presented. The space
group (P43212; both reports) and lattice constants deter-
mined differed from our measurements. The sequences of
these lipases are not available, so the degree of homology is
unknown. The surprising identity of the N-terminal se-
quences of the lipases from Pseudomonas sp. strain ATCC
21808 and P. cepacia suggests improper classification of the
Pseudomonas strains.
As the inhibition studies revealed, this lipase seems to act

via an active serine residue too. Moreover, inhibition by E6w
affected the activities toward emulsified and dissolved sub-
strates to the same degree and with the same velocity. For
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human pancreas lipase, two different sites for the hydrolysis
of triglycerides and pNPA were proposed (26), but serine
involvement at the pNPA-specific site is unclear. For several
lipases, a second conserved serine site was detected by
sequence alignment (6), but it has yet to be determined
whether these serine residues have a hydrolytic function.
Therefore, two interpretations of our results are possible.
Either there are two serine residues which bind E6. with
similar affinities so that the different serines cannot be
distinguished or, more probably, there is only one functional
serine in this lipase. The second serine-specific inhibitor
tested, PMSF, did not affect lipase activity at all. Presum-
ably, it either does not fit into the three-dimensional envi-
ronment of the serine residue(s) or it is unable to gain access
to a buried active site. Thus, to elucidate the mode of action
of the lipase from Pseudomonas sp. strain ATCC 21808 in
more detail, the modified serine residue has to be identified.
Also, further inhibition, kinetic, and interface binding stud-
ies may give deeper insight.
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