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ABSTRACT: Access to the active site of pancreatic lipase (PL) is controlled by a surface loop, the lid,
which normally undergoes conformational changes only upon addition of lipids or amphiphiles. Structures
of PL with their lids in the open and functional conformation have required cocrystallization with
amphiphiles. Here we report two crystal structures of wild-type and unglycosylated human pancreatic
lipase-related protein 2 (HPLRP2) with the lid in an open conformation in the absence of amphiphiles.
These structures solved independently are strikingly similar, with some residues of the lid being poorly
defined in the electron-density map. The open conformation of the lid is however different from that
previously observed in classical liganded PL, suggesting different kinetic properties for HPLRP2. Here
we show that the HPLRP2 is directly inhibited by E600, does not present interfacial activation, and acts
preferentially on substrates forming monomers or small aggregates (micelles) dispersed in solution like
monoglycerides, phospholipids and galactolipids, whereas classical PL displays reverse properties and a
high specificity for unsoluble substrates like triglycerides and diglycerides forming oil-in-water interfaces.
These biochemical properties imply that the lid of HPLRP2 is likely to spontaneously adopt in solution
the open conformation observed in the crystal structure. This open conformation generates a large cavity
capable of accommodating the digalactose polar head of galactolipids, similar to that previously observed
in the active site of the guinea pig PLRP2, but absent from the classical PL. Most of the structural and
kinetic properties of HPLRP2 were found to be different from those of rat PLRP2, the structure of which
was previously obtained with the lid in a closed conformation. Our findings illustrate the essential role of
the lid in determining the substrate specificity and the mechanism of action of lipases.

Lipases (EC 3.1.1.3) are model enzymes for understanding
the specific features of interfacial enzymology since they are
water-soluble enzymes hydrolyzing insoluble substrates
(triglycerides) (1). Structure-function studies on various
lipases have shed light on the interfacial recognition sites

present in the molecular structure of these enzymes and the
conformational changes occurring in the presence of lipids
and amphiphiles. In many lipases, access to the active site
is controlled by a so-called lid formed by a surface loop.
This lid was found to undergo a conformational change in
the presence of lipase inhibitors, making the active site
accessible to solvent in the 3-D structures of several lipases
including Rhizomucor miehei lipase (2, 3), Thermomyces
lanuginosus lipase (4, 5), Candida rugosa lipase (6), human
pancreatic lipase (HPL1) (7-9), and gastric lipase (10, 11).
The structural differences observed between the closed and
open lipase forms range from a relatively simple rigid hinge-
type motion of a single helix in R. miehei lipase (3) to a
much more complex pattern of multiple loops undergoing
profound changes in their secondary structures (6, 9, 11).
The proper active site arrangement, including the proper
formation of the oxyanion hole, is affected by these confor-
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mational changes. In HPL for instance, both the lid domain
and the �5 surface loop were shown to adopt a totally
different conformation in the presence of phospholipids and
bile salts (8). The �5 loop folds back on the core of the
protein, and this movement creates an electrophilic region
close to the active site serine which stabilizes the negatively
charged transition-state intermediate formed during ester
hydrolysis. In lipases without a lid, like cutinase (12), the
oxyanion hole is preformed. The lid structure in the classical
lipases is therefore crucial both for substrate access to the
active site and for adjusting the catalytic machinery.

The discovery of novel pancreatic lipase-related proteins
(PLRP) has increased the complexity of structure-function
relationships within this family of enzymes. Pancreatic lipase-
related proteins 1 and 2 (PLRP1 and PLRP2) belong to the
pancreatic lipase gene family, and they share 65-68% amino
acid identity with the classical pancreatic lipase (PL) (13).
Their structural components such as the catalytic triad (Ser-
His-Asp) are highly conserved, and overall, the 3-D structures
obtained so far are superimposable (14-16). A deletion
within the lid domain was however observed in the PLRP2
from guinea pig (GPLRP2), which is able to accommodate
more hydrophilic substrates than classical PL such as
phospholipids and galactolipids with large polar heads (14).
Besides this previously determined structural difference,
PLRP also differs from classical PL by their biochemical
and physiological properties. PLRP2 shows lipase, phos-
pholipase A1 and galactolipase activities, whereas classical
PL only shows lipase activity (17, 18) and PLRP1 is an
inactive lipase against all known substrates (16). It was found
that the galactolipase activity of the pancreatic juice is mainly
due to PLRP2, the levels of which were found to be higher
in herbivore species. These findings suggested a major role
for PLRP2 in the digestion of the main lipids from
plants (19-22). PLRP2 is also produced at a high level in
species lacking pancreatic phospholipase A2, and it might
also play a significant role in phospholipid digestion (17, 23).
Unlike PL, which is only expressed in the exocrine pancreas,
PLRP2 is expressed in various tissues in different species
where it plays distinct physiological roles. Identification of
rat PLRP2 (RPLRP2, also named GP-3) as a zymogen
granule membrane-associated protein (24) suggested that
RPLRP2 might be involved in the process of membrane
fusion and the exocytosis of the secretory granule contents
(25). The presence of mouse PLRP2 mRNA in interleukin-4
stimulated lymphocytes (26) and that of the mouse PLRP2
in intestinal Paneth cells (27) suggested that PLRP2 may be
involved in the immune response. It was later shown that
splenocytes from immunized PLRP2-deficient mice had a
deficient killing activity and released lower levels of fatty
acid from target cells than did control cells (28). Suckling
PLRP2-deficient mice also showed fat malabsorption, and
PLRP2 appeared to play a crucial role in the digestion of
dietary fats in suckling animals (28). This effect is consistent
with treatment with Orlistat/Xenical, an approved antiobesity
drug which targets gastric and pancreatic lipases (29). Finally,
PLRP2 was also identified in the seminal plasma of goat
where it might also be involved in defense mechanisms by
cleaning the genital tract (30, 31).

The differences observed in the kinetic properties of
PLRP2 versus those of classical PL seem highly correlated
with the structure of the lid domain, which has been shown

to be involved in substrate specificity by site-directed
mutagenesis experiments (32). So far, crystal structures of
pancreatic lipases with the lid in a functional open conforma-
tion were only observed in the presence of inhibitors,
amphiphiles, or lipids. In this paper, we report the crystal
structure of HPLRP2, the first structure of a pancreatic lipase
with the lid in an open conformation obtained in the absence
of amphiphiles. This new conformation of the lid was
observed independently by two research groups in Toronto
(Canada) and Marseille (France), which respectively solved
the 3D structure of the wild-type HPLRP2 produced in insect
cells and that of a nonglycosylated HPLRP2 mutant produced
in yeast. These results are presented in this joint paper. The
biochemical properties of HPLRP2 (inhibition by E600,
absence of interfacial activation, activity on soluble substrate)
suggest that the lid of HPLRP2 adopts this open conforma-
tion in solution.

EXPERIMENTAL PROCEDURES

Construction of the HPLRP2 Wild-Type Vector. pAB-bee
vector (AB Vector) was modified to allow for ligation-
independent cloning using In-Fusion enzyme mediated
directional recombination (Clontech). This vector was used
to subclone a construct encoding the cDNA for HPLRP2
corresponding to the mature enzyme sequence in series with
a noncleavable C-terminal (His)8 tag. The vector also encodes
for a honeybee melittin secretion signal sequence; after
processing this sequence leaves one N-terminal alanine on
the coding sequence. The mature enzyme is encoded by
residues K18-C469. These residues are consequently num-
bered as K1-C452 in the text to reflect the residue
numbering in the mature enzyme. The SF9 cell line (Invit-
rogen) was maintained using HyQ-SFX Insect Serum- Free
medium (HyClone). The plasmid transfer vector was cotrans-
fected into a 30-40% confluent monolayer of SF9 cells along
with ProEasy linearized baculovirus DNA (AB Vector), using
Cellfectin reagent (Invitrogen). Recombinant baculovirus was
collected after 5 days of incubation at 27 °C. High titer viral
stocks at stage of P3 were obtained by subsequently infecting
SF9 cells at a density of 2 × 106 cells /mL in 6 well plates
(Falcon) with P1 and P2 virus supernatants.

Production of HPLRP2 in Insect Cells. For large scale
protein production from suspension cultures, High Five cells
(Invitrogen) at a density of 2 × 106 cells/mL were infected
with 1 mL of P3 viral stock for each 1 L of cell culture and
incubated at 100 RPM and 27 °C. After 4 days of incubation
cells were pelleted by centrifugation and culture medium
containing the recombinant mature enzyme was collected.
Media was brought to a pH of ∼8 by adding 10X buffer A
(50 mM Tris pH8, 500 mM NaCl, protease inhibitors (1 mM
phenylmethanesulfonyl fluoride and Sigma general protease
inhibitor P2714) and verifying pH of final solution. This was
then mixed with 2-3 mL of HisLink Protein Purification
Resin (Promega) per 250 mL of treated media. The mixture
was incubated with mixing for at least 20 min at 4 °C. The
treated media:resin mixture was spun at 500g for 3 min to
pellet the HisLink resin. The supernatant was carefully
decanted off the resin, and then 250 mL of buffer A was
added to wash the resin. The resin was allowed to settle for
5 min, then poured off and washed 3 more times with fresh
buffer A. The washed resin was then loaded onto a gravity
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column and washed with 10 column volumes of buffer B
(buffer A + 10 mM imidazole, pH 8). Samples were eluted
from the HisLink resin by exposure to 10 mL elution buffer
(buffer A + 500 mM imidazole and 10% glycerol). The
eluate from the HisLink resin was diluted at least 10× by
volume so that the final concentration of NaCl in the buffer
was less than 50 mM. The protein was then loaded onto a 5
mL HiTrap Q HP column (GE Healthcare), washed with
three column volumes of buffer C (50 mM Tris pH 8.0),
and eluted over a linear gradient with buffer D (buffer C +
1 M NaCl). Peak fractions were pooled and concentrated
using15 mL Amicon concentrators with 10,000 MWCO
(Millipore) to a final concentration of 10-15 mg/mL for
crystallographic screening.

Construction of the HPLRP2 N336Q Mutant Transfer
Vector. HPLRP2 cDNA, inserted into the pGAPZB Pichia
pastoris transfer vector (pGAPZB-HPLRP2, 4289 bp (33))
was subjected to PCR using the QuikChange site directed
mutagenesis kit (Stratagene), Pfu Ultra HF polymerase
(Stratagene) and two different internal oligonucleotides with
overlapping sequences (sense: GAACACAGGAGAGAG-
TGGTCAATTTACTAGTTGGAGATATAAGG; antisense:
CCTTATATCTCCAACTAGTAAATTGACCACTCTCTC-
CTGTGTTC), specifically designed for introducing the
N336Q mutation by transforming the N336 codon (AAC)
into a Q codon (CAA). The PCR reaction included 18 cycles
of denaturation at 95 °C for 30s, hybridization at 54 °C for
1 min, and elongation at 68 °C for 5 min and was performed
in a Mastercycler gradient thermocycler (Eppendorf). The
cloning steps were performed in Escherichia coli XLI-blue
strain, and cell cultures were grown in the presence of 25
µg/mL Zeocin. Plasmids DNA was isolated from E. coli cell
cultures and purified using the NucleoBond Xtra Midipreps
system (Machery-Nagel). DNA sequencing was carried out
by Millegen (Paris, France).

Transformation of the Yeast Pichia pastoris, Production
and Purification of the HPLRP2 N336Q Mutant. Electro-
competent Pichia pastoris protease A deficient cells (SMD
1168 strain, Invitrogen) were prepared using standard
methods (34) and transformed by electroporation using an
electroporator 2510 (Eppendorf). Prior to the yeast transfor-
mation procedure, transformant plasmids were linearized with
BspHI. The recombinant yeast clones were plated onto yeast
peptone dextrose (YPD) 1% agar containing 100 µg/mL
Zeocin and grown for 3-4 days at 30 °C. The most efficient
N336Q HPLRP2 producing clone was then selected after
screening the level of secretion of HPLRP2 N336Q in 5 mL
of YPD medium containing 100 µg/mL Zeocin and incubated
at 30 °C with orbital agitation at a rate of 100 rpm.
Recombinant HPLRP2 secretion was estimated by measuring
the lipase activity in the culture medium using tributyrin as
a substrate in the presence of 0.1 mM NaTDC and colipase.
The HPLRP2 N336Q mutant was then produced and purified
as previously described for HPLRP2 (35).

Lipase and Phospholipase ActiVity Measurements. The
lipase activities of HPLRP2 and rHPL were measured
potentiometrically at 37 °C and pH 8.0 using the pH-stat
technique (718 STAT Titrino, Metrohm), using vigorously
stirred emulsions of acylglycerides (tributyrin, trioctanoin,
triolein, diolein and monoolein) as substrate. The reaction
vessel contained 0.5 mL of substrate dispersed in a 14.5 mL
solution of 1 mM Tris-HCl buffer, pH 8.0 containing 0.1 M

NaCl, 5 mM CaCl2. When required, porcine pancreatic
colipase purified from porcine pancreatic tissue (36) was
added at a large molar excess.

Interfacial activation of HPLRP2 and HPL was investi-
gated using tripropionin (TC3; Acros organics) as the
substrate and the pH-stat technique as previously described
(37). The reaction vessel was thermostated at 37 °C and
contained variable amounts of TC3, spanning concentration
ranges in which TC3 is totally soluble (0-12 mM) or forms
emulsion (>12 mM), in a 150 mM NaCl, 0.2% gum arabic
(w/w) solution with a final volume of 15 mL.

The phospholipase activity of HPLRP2 was measured
potentiometrically using purified egg L-R-phosphatidylcholine
(Sigma) as substrate and the pH-stat technique (38). Specific
activities were expressed as international lipase units (1 U
)1 µmol of fatty acid released per minute) per mg of
enzyme.

The galactolipase activity was measured using mono-
molecular films of monogalactosyldiglyceride (MGDG; 1,2-
di-O-dodecanoyl-3-O-�-D-galactopyranosyl-sn-glycerol) and
digalactosyldiglyceride (DGDG; 3-O-(6-O-R-D-galactopyran-
osyl-�-D-galactopyranosyl)-1,2-di-O-dodecanoyl-sn-glyc-
erol) as previously described (33, 35).

Inhibition of HPLRP2 and rHPL by E600. Inhibition
experiments were performed with diethyl p-nitrophenyl
phosphate (E600) in 50 mM sodium acetate buffer (pH 6.0)
containing 50 mM NaCl and 5 mM CaCl2. HPLRP2 (52 µM)
and HPL (20 µM) were incubated at 25 °C with E600
(Sigma, ref D 9286, stock solution at 4.16 M) at a lipase/
inhibitor molar ratio of 1/85, in the presence and absence of
4 mM NaTDC and colipase at a molar ratio of 1/1. Residual
lipase activity was measured at various incubation times
using trioctanoin as substrate, in the presence of 0.1 mM
NaTDC and a 2-fold molar excess of colipase in order to
optimize the lipase activity measurements.

Crystallization Conditions. Crystals of wild-type HPLRP2
were obtained after screening against in-house crystallization
screens in 96-well sitting drop format. Diffracting crystals
were obtained from a hanging drop vaporization experiment
at 18 °C by mixing protein at 15 mg/mL in equal volume
ratio with the following precipitant solution: 1.17 M
(NH4)2SO4, 0.1 M Na-cacodylate pH 5.5, 0.04 M NaCl. 15%
glycerol was used as cryoprotectant.

Crystals of HPLRP2 N336Q mutant were obtained at room
temperature using the vapor diffusion technique by mixing
6 µL of protein solution (14.5 mg/mL in 0.2 M NaCl, 25
mM Tris-HCl, pH 8.0) with 2 µL of 2.05 M ammonium
sulfate, 0.1 M Hepes, pH 6.7. These crystals belong to the
tetragonal space group I4122 with unit cell dimensions a )
b ) 216.1 Å, and c ) 123.6 Å. They contain two molecules
per asymmetric unit, giving (assuming the molecular mass
to be 50 kDa) a Vm ) 3.5 Å3/Da corresponding to a solvent
content of 65% (39). Crystals were flash frozen to 100 K
using Paratone-N as cryoprotectant.

Data Collection and Processing. Data from the wild-type
HPLRP2 crystal were collected at 100 K on the IMCA-CAT
beamline 17-ID at the Advanced Photon Source (Argonne
National Laboratory) using an ADSC QUANTUM 210
detector (λ ) 1.000 Å). The data were indexed, integrated
and scaled with HKL-2000 (40). Details of data collection
and refinement are given in Table 1. Of note, the data
exhibited a high degree of non-isomorphism in the resolution
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range between 3 Å and 2.8 Å, leading to high Rsym in those
shells (greater than 0.5). In these same resolution shells, the
data was highly redundant and complete with I/σ of 3 or
greater. Therefore, data extending to 2.8 Å was included in
the scaling and refinement; most likely the non-isomorphism
was due to high anisotropy in the crystal or other gross crystal
defect.

Data on the HPLRP2 N336Q crystal were collected at 100
K from a single crystal in the beamline ID14-EH3 at the
European Syncrotron Radiation Facility (ESRF Grenoble,
France) using an ADSC Quantum 4 detector (λ ) 0.931Å).
The data were indexed and integrated using MOSFLM,
scaled using SCALA and structure factor amplitudes were
calculated using the TRUNCATE software program (41).
The data processing statistics obtained at 3.0 Å resolution
are given in Table 1.

Phasing, Model Building and Refinement. The structure
of wild-type HPLRP2 was solved by the molecular replace-
ment technique using data between 30 and 2.8 Å with the
PHASER software program (42), part of the CCP4 Program
Suite (41), using the structure of rat PLRP2 (PDB code 1BU8
(15)) as a starting model. Iterative manual rebuilding of the
structure was carried out using the graphics program Coot
(43) along with restrained refinement using the CCP4
program REFMAC (44). Solvent molecules were placed
manually and by using the CCP4 program ARP/wARP (45).
At later stages of the refinement TLS and restrained
refinement was carried out using REFMAC (46), with the
initial parameters obtained from the TLS Motion Determi-
nation server (47). The final model, with two molecules of
the wild-type HPLRP2 in the asymmetric unit, has been
refined to a working R factor of 0.22 and a free R factor of
0.26 for data between 29.88 and 2.80 Å (see Table 1).

The structure of HPLRP2 N336Q was solved by perform-
ing molecular replacement procedures taking data between
a resolution of 35 and 3 Å with the AmoRe software program

(48), using the structure of rat PLRP2 (PDB code 1BU8 (15))
as a starting model. The electron density map obtained was
readily interpretable, and the uncompleted model was
finished based on the electron density map. Preliminary
refinement was performed using REFMAC (44). Final
refinement data are summarized in Table 1.

Modeling of Digalactosyldiglyceride Molecule. A DGDG
molecule (3-O-(6-O-R-D-galactopyranosyl-�-D-galactopyran-
osyl)-1,2-di-O-oleoyl-sn-glycerol) was built within the active
site of HPLRP2 using the TURBO-FRODO software pro-
gram (49). Most of the clashes observed could be eliminated
by hand. A final docking was obtained with the REFMAC5
software program in the docking mode (50).

RESULTS

Production in Insect Cells and Purification of HPLRP2.
Recombinant wild-type HPLRP2 (HPLRP2) was secreted
into the culture media by HighFive cells and purified to
homogeneity using nickel-affinity chromatography followed
by anion-exchange chromatography. LC-ESI-TOF mass
spectrometry (Agilent) of HPLRP2 yielded a peak at 52815.3
( 1 Da, corresponding to the theoretical mass of mature
HPLRP2 (51857 Da, including the sequence derived from
the vector) with one glycosylation event (958 Da).

Production in Yeast and Purification of the HPLRP2
N336Q Mutant. Recombinant HPLRP2 N336Q mutant and
HPLRP2 were found to be secreted into the culture medium
by the yeast Pichia pastoris with an apparent molecular mass
of 50 kDa. The lipase was purified to homogeneity from the
yeast culture media using the two-step purification procedure
previously described for HPLRP2 (35). The protein elution
profiles were similar to those previously obtained with
HPLRP2 (data not shown). MALDI-TOF mass spectrometry
analysis of the HPLRP2 N336Q mutant yielded a single peak
corresponding to a mass of 50,352 ( 350 Da, which was

Table 1: Data Collection, Structure Determination and Refinement Summarya

data set HPLRP2 HPLRP2 N336Q

space group I4122 I4122
unit cell a ) b ) 216.1 Å, c ) 123.6 Å a ) b ) 216.1 Å, c ) 123.6 Å
beamline 17-ID ESRF ID14-3
wavelength 1.000 0.931
resolution 30.00-2.80 35.00-3.00
unique reflections 36137 28819
data redundancy 4.1 (4.1) 6.0 (5.8)
completenessb 99.3 (99.1) 99.2 (99.0)
I/σ(I) 12.7 (2.8) 11.2 (2.1)
Rsym

c 0.09 (0.78) 0.137 (0.78)

Refinement

resolution 29.88-2.80 34.2-3.0
reflections used 34305 27791
all atoms {non-protein atoms} 6886 (72) 6977
Rwork/Rfree

d 0.22/0.26 0.193 (0.25)
rmsd bond length 0.008 0.012
rmsd bond angle 1.142 1.37
figure of merit 0.78 0.83
mean B factor 68.8 51.5

MolProbity Ramachandran Analysis

favored (%) 95.7 93.33
allowed (%) 99.9 99.20
outliers 1 7

a Atomic coordinates were deposited in the Protein Data Bank (www.rcsb.org). PDB: 2OXE for wild-type HPLRP2 and 2PVS for HPLRP2 N336Q
mutant. b Highest resolution shell is shown in parentheses. c Rsym ) 100 × ∑(|I - 〈I〉|)/∑(〈I〉), where I is the observed intensity and 〈I〉 is the average
intensity from multiple observations of symmetry-related reflections. d The Rfree value was calculated with 5% of the data.
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close to the theoretical mass of the mature HPLRP2
polypeptide (50,081 Da). This finding confirmed that the
HPLRP2 N336Q mutant is not glycosylated and that only
one N-glycosylation site (N336) out the two potential ones
(N336, N411) is normally occupied by a glycan chain in
HPLRP2 when this protein is produced in the yeast with a
molecular mass of 52,343 ( 600 Da.

Lipolytic ActiVities of HPLRP2 and HPLRP2 N336Q
Mutant. The catalytic properties of the HPLRP2 and HPLRP2
N336Q were investigated and compared with those of the
classical human pancreatic lipase (rHPL) using several
acylglycerides, L-R-phosphatidylcholine and galactolipids as
substrates (Table 2). Using long and medium chain acyl-
glycerides, HPLRP2 N336Q mutant and HPLRP2 displayed
a much higher specific activity on monoolein than on diolein,
triolein and trioctanoin, whereas rHPL had a reversed
behavior on the same substrates, with no significant activity
on monoolein. Using the partly soluble short chain tributyrin,
the activity of both HPLRP2 N336Q mutant and HPLRP2
was found to be high in the presence of bile salts and in the
absence of colipase, whereas rHPL was inactive under these
conditions. Whatever the triglyceride substrate, HPL requires
colipase to be active in the presence of micellar (>1-2 mM)
bile salt concentration as shown in Figure 1A using tributyrin.
Conversely, HPLRP2 does not require colipase to be active
on tributyrin and addition of colipase has only a weak effect
on this activity (Figure 1A). Since bile salts induce lipase
desorption from the oil-water interface, these findings
support the idea that HPLRP2 acts preferentially on tributyrin
monomers or small aggregates (micelles) dispersed in
solution compared to at oil-water interfaces. By contrast,
rHPL is only active in the presence of colipase that anchors
the lipase at the oil-water interface, which indicates that
the presence of an insoluble emulsified substrate is required
for HPL to be active.

Both HPLRP2 and HPLRP2 N336Q mutant showed a
significantphospholipaseA1activityonmixedphospholipid-bile
salt micelles, whereas HPL does not act on this substrate
(Table 2). The phospholipase activity of HPLRP2 was
however 1 order of magnitude lower than that measured with
the guinea pig PLRP2 (GPLRP2).

Both HPLRP2 and HPLRP2 N336Q mutant hydrolyzed
monomolecular films of monogalactosyl- and digalactosyl-

diglyceride, whereas HPL did not (Table 2). Interestingly,
the maximum galactolipase activities of HPLRP2 and
GPLRP2 were of the same order of magnitude but HPLRP2

Table 2: Enzyme Activities of HPLRP2 N336Q Mutant, HPLRP2 and rHPL on Various Substratesa

HPLRP2

wild-type N336Q GPLRP2 rHPL

substrate - colipase + colipase - colipase + colipase - colipase - colipase + colipase

1(3)-monoolein 317 ( 11 317 ( 12 247 ( 26.4 290 ( 35 1239 ( 92 0 0
1,2(2,3)-diolein 1.3 ( 0.6 5 ( 2 3.4 ( 0 3.6 ( 2 275 ( 13 0 2300c

triolein 5 ( 0 27.5 ( 13 4.3 ( 1.3 13 ( 2 41 ( 5 0 3200c

trioctanoin 43 ( 12 460 ( 16.3 40.2 ( 13 260 ( 9 0 0 6000b

tributyrin 287 ( 0 470.6 ( 16.3 212 ( 44 448 ( 62 1085 ( 63 0 8000b

egg PC 50.8 ( 3.7 nd 31.6 ( 5 nd 500b 0 0
MGDG 1.4 (18-25) nd nd nd 3.5 (10-12) 0 0
DGDG 3.2 (12) nd 2.5 (12) nd 2.5 (5-7) 0 0
a Specific activities on glycerides and phospholipids were measured at pH 8.0, using the pH-stat technique. These activities are expressed in units (1

U ) 1 µmol of fatty acid released per minute) per mg of enzyme. These experiments were carried out in triplicate in the presence of 4 mM NaTDC for
glycerides or 20 mM DOC for phospholipids, and in the presence or absence of a 2-fold molar excess of colipase. Maximum activities on
monogalactosyl diglycerides (MGDG) and digalactosyldiglycerides (DGDG) were measured using the monomolecular film technique. These activities
are expressed in mole of substrate hydrolyzed min-1 cm-2 M-1 where M is the molarity of the enzyme in the subphase of the monolayer trough. Values
in brackets correspond to the surface pressures (mN m-1) at which these maximum activities were measured. nd: not determined. b Data adapted from
Thirstup et al. (17). c Data from Eydoux et al. (35).

FIGURE 1: (A) Effects of NaTDC and colipase on the activity of
HPLRP2 and rHPL. Lipolytic activities of HPLRP2 and rHPL were
measured on emulsified tributyrin in the presence (full lines) and
absence (broken lines) of colipase. (B) Effects of tripropionin
concentration on the activities of HPLRP2 and rHPL. Lipase
activities were measured using various tripropionin (TC3) concen-
trations (solution or emulsion) in the presence of a 2-fold excess
of colipase. The vertical dashed line gives the solubility limit of
tripropionin (12 mM).
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was found to display its maximum activity at higher surface
pressures than GPLRP2, whatever the galactolipid substrate.
These lipolytic activities measured with the monomolecular
film technique (low values in Table 2) cannot be directly
compared with the lipase and phospholipase activities
measured with the pH-stat technique (high values in Table
2). One has to be aware however that the galactolipase
activity of GPLRP2 on mixed galactolipid-bile salt micelles
is of the same order of magnitude as the phospholipase
activity (51) and that galactolipase activity is not a marginal
activity of PLRP2 (33).

Search for a Possible Interfacial ActiVation of HPLRP2.
To determine whether HPLRP2 presents the kinetic property
of interfacial activation (52), its activity was assessed using
the partly water-soluble tripropionin (TC3) substrate at
various concentrations and compared with that of rHPL
(Figure 1B). At concentrations below the solubility limit of
TC3 (12 mM), the activity of HPLRP2 reached around 70%
of its maximum value, whereas HPL was only poorly active
under the same conditions. The activity of HPLRP2 increased
slowly above the solubility limit of TC3 and showed no
activation. On the contrary, HPL displayed a low activity
below the solubility of TC3 and a jump in the activity was
observed once the TC3 solubility limit was exceeded (Figure
1B).

Inhibition of HPLRP2 and rHPL by E600. In the absence
of bile salts and colipase, the time required to obtain 50%
inactivation of HPLRP2 by E600 was 3 min, whereas rHPL
was not significantly inhibited under the same conditions after
a 7 h period of incubation (Figure 2). In the presence of 4
mM NaTDC and colipase, the rate of inhibition of HPLRP2
by E600 increased significantly and 50% inhibition was
reached within 1 min. Under the same assay conditions, the
rate of rHPL inhibition was higher than in the absence of
NaTDC, but 1 h was however required to obtain 50%
inhibition.

Comparison of Wild-Type and Mutant Structures of
HPLRP2. The two crystal structures of HPLRP2 were
determined independently. Wild-type HPLRP2 was solved
to a resolution of 2.8 Å (PDB ID 2OXE) and was obtained

using a protein glycosylated at position N336 and secreted
from insect cells. In contrast, the HPLRP2 N336Q structure
was obtained at a resolution of 3.0 Å (PDB ID 2PVS). This
mutant is not glycosylated and was expressed in the yeast
Pichia pastoris. However, the overall structures and crystal-
lographic statistics for both structures are strikingly similar.
Both wild-type HPLRP2 and the N336Q mutant were solved
in space group I4122 with identical cell dimensions (a ) b
) 216.9 or 216.1 Å, c ) 123.6 Å). Both crystals contain
two molecules in the asymmetric unit (65% solvent, Vm )
3.5 Å3/Da).

For both models, ordered density begins at residue Lys1
and ends at Cys452 (the numbering used corresponds to the
mature form of the enzyme). The wild-type HPLRP2 model
has an average all-atom B-factor of 69 Å2. Regions of the
model with B factors significantly higher than the average
are roughly centered around residues T43-R73, K343-I358,
Q373-A388, and F403-T423 in both chains. Residues
K240-I250 in chain A and K240-D251 in chain B, and
R408-S413 in chain A and R408-E414 in chain B, are
disordered and not modeled in the wild-type HPLRP2
structure. Both monomers are highly superimposable with
rmsd values of 0.48 Å over all atoms. For the mutant N336Q
structure both molecules in the asymmetric unit show
identical average B-factors (60 Å2); however, molecule B is
more clearly defined than A (Figure 3A). Chain A is not
visible between residues 241-254 (lid) and 408-410 (C-
terminal domain �5′ loop) while chain B is interrupted only
between residues 243 and 249 within the lid. The highly

FIGURE 2: Inhibition of HPLRP2 and rHPL by E600. Residual
activity of HPLRP2 and rHPL were determined using the pH-stat
technique. The experiments on HPLRP2 and HPL were performed
in the absence (broken lines) or presence (full lines) of 4 mM
NaTDC and colipase at a colipase to lipase molar ratio of 1/1 in
the incubation medium.

FIGURE 3: Structure of HPLRP2. A: View of the ribbon models of
the two monomers of HPLRP2 observed in the crystal unit (PDB
ID 2PVS). R helices and � strands are shown in green and yellow
in chain A and in blue and purple in chain B. Arrows indicate the
limits of undefined amino acid residues. B: Ribbon view of the
HPLRP2 structure superimposed on other known pancreatic lipase
structures (HPL + colipase: classical human pancreatic lipase in
its open conformation, with colipase interacting with the C-terminal
domain and the lid. RPLRP2: rat pancreatic lipase-related protein
2. GPLRP2: 3D structure of the chimera made of the N-terminal
catalytic domain of the guinea pig pancreatic lipase-related protein
2 and the C-terminal domain of HPL).
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hydrophobic �5′ loop region has previously been noticed to
be poorly defined in the electron-density map of other
pancreatic lipases (53). Again, both monomers are very
similar and display rmsd values of 0.7 Å over all CR atoms.
Differences in CR atom positions are mainly due to the
occurrence of a small domain/domain rotation between the
N- and C-termini, since the first 339 residues have an rmsd
value of 0.24 Å. Both structures contain ordered density for
ions; wild-type HPLRP2 is modeled with two calcium and
five chloride ions in the asymmetric unit, and the mutant
structure is modeled with two calcium and eight sulfate ions.

As with other pancreatic lipases, each monomer consists
of two domains (Figure 3A). The N-terminal catalytic domain
(residues 1 to 339) belongs to the R/� hydrolase family fold,
a large family of serine hydrolases with ubiquitous activities
(54). The second domain, which belongs to the C2 family
(55), is a �-sandwich running from residue 340 to 452. The
active site, including the S154-H265-D178 catalytic triad,
is freely accessible to solvent (Figure 4A), with the lid,
located between C239 and C263, jutting out into the solvent
and contacting the other monomer. The electron density map
obtained for the lid was of poor quality and was interrupted
in the case of both monomers. Since some proteolytic
cleavage of HPLRP2 lid was previously observed upon
storage (35), crystals were solubilized and analyzed using
SDS-PAGE in the presence of DTT. The lid of the HPLRP2
N336Q mutant appeared to be partly cleaved (50% proteoly-
sis), but no proteolysis was observed with the HPLRP2
produced in insect cells. The mass spectrometry analysis
yielded masses of 52,815.3 ( 1 Da for wild-type HPLRP2
(glycosylated) and 50,352 ( 350 Da for HPLRP2 N336Q
mutant (non-glycosylated), indicating that no additional

proteolytic cleavage had occurred. We also compared the
kinetic properties of HPLRP2 N336Q mutant with those of
the wild-type HPLRP2 (Table 2), and all these properties
were found to be identical. It therefore seems that the poor
quality of the density map in the lid domain is mainly due
to dynamic disorder rather than proteolytic cleavage. In
addition, the best definition of the lid is obtained in the chain
B of HPLRP2 N336Q mutant with only 5 residues (244-248)
missing. It is worth noticing that a limited proteolysis was
found to occur in the horse PLRP2 lid domain between S245
and T246, and the structure of the lid could not be identified
using X-ray diffraction data collected at 2.9 Å resolution
(56).

The �5 loop (residues 78-86; Figure 5A) is found in the
conformation forming the functional oxyanion hole, only
observed so far in the 3-D structure of pancreatic lipases in
which the lid was found in an open conformation (8, 9, 57)
or was deleted (14). Whereas the residue F79 of HPLRP2,
involved in the oxyanion hole together with L255, super-
imposes well with F77 of HPL, several residues of the �5
loop are found however at a different position when
compared to the �5 loop of the open HPL (Figure 5A). The
CR carbon atoms of D85 in HPLRP2 and E83 in HPL are
distant from 4.7 Å, probably because the H-bond observed
in HPL between E83 and W252 (lid) does exist in HPLRP2.
Just downstream of the �5 loop, residue W87 of HPLRP2
superimposes well again with W85 of HPL. W87 is involved
in a stacking with F269 of the HPLRP2 core, and this
interactions is conserved in HPL (W85-Y267).

The overall structure of HPLRP2 superimposes well with
those of other pancreatic lipases (Figure 3B), such as the
HPL complexed with colipase in which the lid is in the open
form (8); the GPLRP2/HPL chimera, in which the lid consists
of a short loop of five amino acid residues instead of 23

FIGURE 4: CPK views of pancreatic lipases with various lid
conformations. A: HPLRP2 with the open lid shown in green. B:
GPLRP2/HPL chimera, with its “mini-lid” shown in purple. C:
HPL, with the lid in the closed conformation shown in orange. D:
HPL, with the lid in the open conformation shown in yellow. The
active site serine residue is shown in red. The lid domain secondary
structure is represented as a ribbon model. The green dotted lines
indicate the undefined section of the lid in the HPLRP2 structure.

FIGURE 5: Stereoview of the �5 loop (A) and residues 207 to 217
of the �9 loop (B) of HPLRP2 (yellow) and HPL (white).
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amino acid residues in HPL (14); and rat PLRP2 lipase
(RPLRP2), in which the lid is in the closed conformation
(15). The rmsd values obtained between HPLRP2 and these
three lipases range between 0.8 Å (HPL-colipase complex)
and 1.1 Å (RPLRP2). These values are only slightly above
the rmsd value calculated for HPLRP2 monomers. In both
the GPLRP2/HPL chimera and the HPL-colipase complex,
the active site is accessible to solvent (Figures 4B and 4D).
In HPL, the lid uncovers the catalytic triad and the �5 loop
(residues 77-85 according to the HPL numbering) adopts a
conformation which forms the oxyanion hole (F77 and
L153). In RPLRP2, the lid was found to be in the “closed”
conformation, which was previously observed in the case
of classical pancreatic lipase alone (Figure 4C) (7, 53) and
pancreatic lipase-related protein 1 (16), or in the absence of
ligand in the HPL-colipase complex (58). One original and
significant difference observed here between HPLRP2 and
the other “open” lipases was the conformation of the �9 loop
(residues 205-225 according to the HPLRP2 numbering;
Figure 5B), which is a crucial structural component involved
in substrate binding (14). Two hydrophobic residues from
the �9 loop of HPL (L213, F215) were previously found to
interact with the alkyl chain of a phosphonate inhibitor in
the HPL-colipase complex, and these residues are probably
involved in the stabilization of the acyl-enzyme intermediate
formed during the lipolysis reaction (9). These residues are
conserved (L215, F217) in the sequence of HPLRP2 �9 loop,
but whereas F217 of HPLRP2 superimposes well with F215
of HPL, the CR carbon atoms of L215 in HPLRP2 and L213
in HPL are distant from 3.4 Å.

The excellent superimposition of the HPLRP2 structure
with that of the open HPL-colipase complex made it
possible to model with a good accuracy a molecule of C11
alkyl phosphonate inhibitor covalently bound to the active
site S154 of HPLRP2, as it was experimentally observed in
the HPL-colipase complex (9). The PdO group mimicking
the CdO moiety of the reaction intermediate occupies a
favorable position in the oxyanion hole, establishing hydro-
gen bonds with the N-H moiety of L155 and F79 (data not
shown).

From the crystallographic data obtained with the wild-
type HPLRP2 produced in insect cells, the glycosylation
moiety at N336 was modeled as two N-acetyl-D-glucosamine
and three R-D-mannose groups. Interestingly, this short
glycan chain characteristic of glycoproteins produced in
insect cells (59) was found to lay down on the protein surface
toward the C-terminal domain of HPLRP2 (Figure 6A).
When the 3D structures of HPLRP2 and the HPL-colipase
complex were superimposed, the glycan chain was found to
clash with colipase at the level of its interaction with the
C-terminal domain of HPL (Figure 6A). Glycosylation might
therefore impair the interaction of HPLRP2 with colipase,
like several amino acid mutations previously observed in the
sequence alignment of the C-terminal domain of HPLRP2
with that of HPL (25). These findings support the weak
effects of colipase on the lipase activity of HPLRP2 (Figure
1A; Table 2). No change in the effects of colipase was
however observed when the lipase activity of the HPLRP2
N336Q mutant was measured (Table 2), suggesting that the
presence of the glycan chain is not determinant for the weak
effects of colipase and that this glycan chain probably adopts
a different conformation in solution.

Since HPLRP2 is one of the few galactolipases biochemi-
cally characterized to date, a digalactosyldiglyceride molecule
was docked in the HPLRP2 structure (Figure 6B). HPLRP2
is able to accommodate a DGDG in its active site with the
large digalactose polar head stabilized by interactions with
aromatic residues (W87, F269). The cavity in which these
residues are located is similar to that previously observed in
the active site of the GPLRP2/HPL chimera (14), another
enzyme with galactolipase activity (51). In both cases, the
cavity results from differences in the lid in comparison with
HPL. In HPL, this cavity is normally occupied by several
residues involved in a network of interactions stabilizing the
open conformation of the lid (D257-K268 salt bridge,
R256-Y267 H-bond) and the �5 loop (E83-W252 H-bond)
(8). These interactions do not exist in HPLRP2 and the
GPLRP2/HPL chimera. The DGDG molecule was modeled
with the acyl chain at the sn-1 position laying on the �9
loop, one of the acyl chain binding sites previously identified
in HPL (8, 9). The second acyl chain was modeled in a cavity
between the open lid and the �5 loop, where it might be
stabilized via apolar interactions with several aromatic amino
acid residues (F96, Y272). An interesting finding is the
location of the digalactosyl polar head of the DGDG on the
same side of the HPLRP2 molecule as the glycan chain
linked to N336.

FIGURE 6: Glycosylation of HPLR2 and docking of a galactolipid
(DGDG) in the active site of HPLRP2. (A) Molecular surface
representation of HPLRP2 (yellow) superimposed to the open
HPL-colipase complex (HPL in green, colipase in pink). The
glycan chain linked to N336 (GlucNac-GlucNac-Man-(Man)2) is
shown as a CPK view. (B) Modeling of digalactosyl diglyceride
in the active site of HPLRP2. Both the DGDG molecule and the
glycan chain are shown as CPK views. The carbon atoms of the
two oleoyl chains of the DGDG are shown in yellow.
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DISCUSSION

Correlation between the Biochemical Properties of
HPLRP2 and the Open Conformation of the Lid. As a
regulatory or security mechanism, the lid of classical
pancreatic lipase controls access to the active site, adopting
a closed conformation in the absence of substrates (am-
phiphiles), restricting solvent and other molecules from
entering. However, the lid can open in solution in the
presence of bile salts as demonstrated by various techniques
including EPR spectroscopy of site-directed spin labels in
the presence and absence of lipase inhibitors (60). These
findings are consistent with the fact that crystal structures
of classical pancreatic lipases with the lid in the open
conformation have been obtained in the presence of mixed
bile salt-phospholipid micelles (8) and nonionic detergents
(57, 61). Pancreatic lipases therefore evolved a protective
mechanism as a consequence of the lipophilic characteristics
of its substrates. The finding that the lid of HPLRP2 was
found to be in an open conformation in the crystal structure,
without the requirement of detergents, lipids or substrate
analogues, suggests that HPLRP2 adopts this conformation
in solution. The biochemical properties of HPLRP2 support
this hypothesis: (i) HPLRP2 clearly shows a preference for
the soluble fraction of tributyrin and tripropionin (Figure 1),
as well as for substrates forming small micellar aggregates
in solution such as monoolein and phospholipids (Table 2);
(ii) HPLRP2 shows no interfacial activation, and its activity
on tripropionin monomers is much higher than that of
classical HPL (Figure 1); (iii) a fast rate of HPLRP2
inhibition by E600 is observed in the absence of bile salts
(Figure 2), whereas E600 has no access to HPL active site
under these conditions.

General Comparison with Other PLRP2s. The guinea pig
PLRP2 was the first member of the PLRP2 subfamily to be
biochemically characterized (17, 19, 51, 62-64). Like
HPLRP2, GPLRP2 differed from classical pancreatic lipases
in that it displayed no interfacial activation and was active
on phospholipids and galactolipids. A large deletion was
observed in the sequence corresponding to the lid, which
was replaced by a short loop of 5 residues compared to 23
in the full-length lid of HPL (64). The 3-D structure of a
chimeric lipase made of the N-terminal catalytic domain of
GPLRP2 and the C-terminal domain of HPL revealed a
solvent-accessible active site and a preformed oxyanion hole
(14). From these observations and substrate modeling within
the active site it was proposed that the phospholipase and
galactolipase activities of GPLRP2 resulted from the deletion
of the lid domain, thereby generating a larger and more polar
active site in comparison with that of the triglyceride activity
encoded by HPL. Exchange of HPL lid and GPLRP2 “mini-
lid” by site-directed mutagenesis allowed for drastically
reduced phospholipase activity for the GPLRP2 lid mutant,
but phospholipase activity was not introduced in the HPL
lid mutant (32). It was concluded that the lid domain was a
necessary, but not the only, structural element contributing
to the substrate specificity of pancreatic lipases (65).

GPLRP2 is the only PLRP2 identified so far with a
deletion in the lid domain. All the other PLRP2s were also
found to display both lipase and phospholipase activities with
variable catalytic efficiency (17, 21, 31, 66). Since the coypu
PLRP2 (CoPLRP2) did not display interfacial activation and

was highly active on the soluble fraction of tributyrin like
GPLRP2, it was suggested that the full-length lid domain of
CoPLRP2 might have an open conformation in solution (17).
In contrast, the rat PLRP2 (RPLRP2) displayed interfacial
activation and required bile salts to be inhibited by both
diethyl p-nitrophenyl phosphate (E600) and tetrahydro-
lipstatin, suggesting that the lid was closed in solution. The
crystal structure of RPLRP2 confirmed that the lid domain
was in a closed conformation in solution (15). These
differences led to some confusion in the structure-function
relationships of PLRP2s. The data obtained here with
HPLRP2 indicates that the kinetic behavior of this enzyme
is closer to that of CoPLRP2 than that of RPLRP2. These
differences among PLRP2s might be explained by differences
in the amino acid residues that are involved in the stabiliza-
tion of the lid conformations in the classical HPL, most of
these residues being mutated in PLRP2s. For instance, the
open HPL lid interacts with the core of the protein through
a salt bridge (D257-K268) and a hydrogen bond (R256-
Y267). These four residues are substituted by G, G, F and E
in HPLRP2, and interactions are no longer possible. Three
of the four interacting residues are also mutated in CoPLRP2
whereas only two are mutated in RPLRP2.

Specific Comparison between HPLRP2 and GPLRP2.
Although they differ in the size of their respective lids,
HPLRP2 and GPLRP2 show similar kinetic properties, i.e.
activities on acylglycerides, phospholipids and galactolipids,
no interfacial activation (64) and direct inhibition by lipase
inhibitors without the need for amphiphiles (67). The lipase
and phospholipase activities of HPLRP2 were lower than
those of GPLRP2, but their activities on MGDG and DGDG
measured with the monomolecular film technique were of
the same order of magnitude (Table 2). Docking of a DGDG
molecule into the HPLRP2 structure showed that the presence
of a full-length lid domain of 23 amino acid residues does
not impair the access of the DGDG to the active site of
HPLRP2, whereas the polar headgroup of DGDG cannot
enter in the active site of HPL due to a different conformation
of the lid. The cavity of HPLRP2 where the digalactosyl
polar head fits has rather the same location as that observed
in GPLRP2 (Figure 6). Since this cavity opens at the surface
of the protein, it is envisioned that longer glycosyl groups
might be docked within the active site of both HPLRP2 and
GPLRP2. Moreover, several hydrophobic residues suspected
to stabilize the substrate acyl chains in GPLRP2 and HPL
are totally conserved in HPLRP2 (F79, Y116, L155, P181
and F217).

HPLRP2 and GPLRP2 differ however in the surface
pressure at which they present their maximum activities on
galactolipids: 18-25 mN/m on MGDG for HPLRP2 vs
10-12 mN/m for GPLRP2, and 12 mN/m on DGDG for
HPLRP2 vs 5-7 mN/m for GPLRP2 (Table 2 and ref 35).
The lid of HPLRP2 contains several hydrophobic residues
that might increase the rate of enzyme adsorption at the lipid
interface and its ability to act on monomolecular films at
high surface pressures. The water accessible surface of the
amino acid residues forming the lid was measured in
HPLRP2, HPL and GPLRP2, and the hydrophilic/lipophilic
balance (HLB) for the exposed residues of HPLRP2 lid (1.21)
was found to be similar to that measured with HPL (0.8),
whereas the mini-lid of GPLRP2 presented a higher HLB
value (3.9). This finding may explain why GPLRP2 appears
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to be less tensioactive than HPLRP2 in experiments with
monomolecular films.

Other Lipases with the Lid in an Open Conformation.
Other three-dimensional structures of lipases from bacteria
have been determined in a totally or partially open confor-
mation, suggesting that their lid could also be open in
solution. Lang et al. (68) determined the crystal structure of
a lipase from Chromobacterium Viscosum (CVL; see PDB
1CVL) in which the lid was moving away from the catalytic
groove and the oxyanion hole was formed, indicating that
the lipase was in an active state. The active site residues
were not exposed to the solvent, however, suggesting that
CVL probably crystallized in an intermediate stage of the
conformational transition from the inactive conformation with
a closed lid to the active conformation with an open lid. This
phenomenon was also observed in the structure of Rhizopus
delemar (oryzae) lipase (RDL; see PDB 1TIC) (69). Two
RDL molecules were present in the asymmetric unit; the first
monomer shows the lid in a closed conformation whereas
the second monomer exhibits the lid in an intermediary
conformation as in CVL. The crystal structure of the
Pseudomonas cepacia lipase (PCL) with the lid in an open
conformation and the oxyanion hole formed was also
obtained without the use of inhibitors by four independent
groups (PDB 2LIP, 1OIL, 3LIP) (70, 71). Unlike HPLRP2,
CVL and PCL were crystallized in the presence of 2-methyl-
2, 4-pentanediol (MPD), which was suspected to stabilize
the lipase in its open conformation. RDL was also crystal-
lized in the presence of MPD, but in this case, no RDL
monomers were found in an open conformation within the
crystal (69). It is therefore not obvious that the opening of
the lid domain can be attributed to MPD. It was also
suggested that the crystal packing forces may have played a
role in stabilizing the open conformation of the lid for these
structures (70, 71). In the case of PCL and HPLRP2, the
open lid is stabilized by both intra- and intermolecular
contacts.

The structure of the lipase lid has always been a matter
of discussion since the two first lipase structures were
obtained in a closed conformation (2, 7), since this closed
conformation could be an artifact due to protein crystal
packing. Experiments carried out with inhibitors demon-
strated that the lid could exist under different conformations
both in crystals (3, 8) and in solution (60). Although there
is no absolute evidence that the lid conformations observed
in crystallization experiments reflect the lid structure in
solution, the experimental data obtained here with HPLRP2
show good correlation since the kinetic properties indicate
that the lid of HPLRP2 has to be opened in solution and
that its open conformation has to be different from that
observed in HPL in order to accommodate galactolipids in
the active site. Overall, this study presents a new and
significant step in the understanding of the lipase mechanism
of action and substrate specificity.
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