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ABSTRACT: The crystal structures of gastric lipases in the apo form [Roussel, A.,et al. (1999)J. Biol.
Chem. 274, 16995-17002] or in complex with the (RP)-undecyl butyl phosphonate [C11Y4(+)] [Roussel,
A., et al. (2002)J. Biol. Chem. 277, 2266-2274] have improved our understanding of the structure-
activity relationships of acid lipases. In this report, we have performed a kinetic study with dog and
human gastric lipases (DGL and HGL, respectively) using several phosphonate inhibitors by varying the
absolute configuration of the phosphorus atom and the chain length of the alkyl/alkoxy substitutents.
Using the two previously determined structures and that of a new crystal structure obtained with the other
(SP)-phosphonate enantiomer [C11Y4(-)], we constructed models of phosphonate inhibitors fitting into
the active site crevices of DGL and HGL. All inhibitors with a chain length of fewer than 12 carbon
atoms were found to be completely buried in the catalytic crevice, whereas longer alkyl/alkoxy chains
were found to point out of the cavity. The main stereospecific determinant explaining the stronger inhibition
of theSP enantiomers is the presence of a hydrogen bond involving the catalytic histidine as found in the
DGL-C11Y4(-) complex. On the basis of these results, we have built a model of the first tetrahedral
intermediate corresponding to the tristearoyl-lipase complex. The triglyceride molecule completely fills
the active site crevice of DGL, in contrast with what is observed with other lipases such as pancreatic
lipases which have a shallower and narrower active site. For substrate hydrolysis, the supply of water
molecules to the active site might be achieved through a lateral channel identified in the protein core.

Organic phosphonates and phosphates are efficient inhibi-
tors of phospholipases (3, 4) and lipases (5-11). Phosphonate
inhibitors have been frequently used to investigate the
lipolysis mechanism since lipases have been found to
undergo a conformational change from an inactive (closed)
to an active (open) form upon interfacial binding. This
change involves the displacement of a lid domain that blocks
the access to the active site in its closed (inactive) form (2,
9, 12-15). The crystal structures ofRhizomucor miehei
lipase (Rml)1 inhibited with diethylp-nitrophenyl phosphate
(E600) (12) or with n-hexyl phosphonate ethyl ester (13)
established that the covalently bound inhibitors mimic the
configuration and charge distribution of the first transition
state in triglyceride hydrolysis. In both complexes, the
phosphorus atom of the inhibitor is covalently bound to the
nucleophilic Oγ of the catalytic serine. The conformations

of the inhibitor chains accommodated in the catalytic crevice
can suggest a binding mode for a triacylglycerol molecule
in the active site.

A key point for understanding the enantioselectivity of
lipases toward inhibitors or substrates is the determination
of the specific interactions between each enantiomer and the
side chain residues of the amino acids belonging to the lipase
active site. Since 1992, several crystal structures of lipases
in complex with enantiomerically pure inhibitors (12-14),
acylglycerol analogues (9), or a racemic mixture of inhibitors
(15) were obtained, providing some clues about the mech-
anism of enantio recognition by lipases.

As far as digestive lipases are concerned, E600 was found
to be an efficient inhibitor of porcine pancreatic lipase in
the presence of colipase and mixed E600/bile salts micelles
(16-18). Lately, it was shown that E600 inactivates not only
pancreatic lipases, via a stoichiometric reaction, but also
gastric lipases (6). A series of chiral organo phosphonate
compounds were therefore synthesized, and their efficiency
as inactivators of gastric and pancreatic lipases was studied
on the basis of the nature of the leaving group and of the
substituents coordinated to the phosphorus atom (8, 10). In
view of assessing the stereoselectivity of digestive lipases,
Cavalier et al. (10) have synthesized alkyl phosphonate
inhibitors where the phosphorus atom is coordinated to a
leaving nitrophenyl group and variable alkyl (C) and alkoxy
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(Y) substituents with chains lengths of 1-16 carbon atoms.
The racemic phosphonate compounds were synthesized and
the two enantiomers of each phosphonate molecule separated
on a chiral HPLC column into fastly and slowly eluted
enantiomers. Their capacity to inactivate digestive lipases
as human gastric and human pancreatic lipases (HGL and
HPL, respectively) was assessed using the monomolecular
film technique (10).

The first crystal structure of a digestive lipase in complex
with a phosphonate inhibitor was that of HPL in complex
with a racemic mixture of the methoxy undecyl phosphonate
(15). Both enantiomers were observed in the active site of
the lipase and show interactions with the two residues of
the oxyanion hole. The methoxy oxygen of only one
enantiomer was within hydrogen bonding distance of the Nε2

atom of the catalytic histidine. The C11 alkyl chains of both
enantiomers were lying in hydrophobic grooves. Besides the
covalent bond with the catalytic serine, the conformation of
the inhibitor inside the catalytic pocket was due to interac-
tions with hydrophobic side chains of the active site together
with hydrogen bonding to the oxyanion hole and to the
catalytic histidine. Among the phosphonate inhibitors men-
tioned above, the (+) enantiomer of the undecyl butyl
phosphonate [C11Y4(+)] was cocrystallized with dog gastric
lipase (DGL) which allowed the crystal structure of a gastric
lipase in its open form to be obtained for the first time (2).

In this report, the crystal structure of DGL in complex
with the (-) enantiomer of the undecyl butyl phosphonate
[C11Y4(-)] is described in parallel with inhibition studies in
the presence of a series of phosphonate compounds. On the
basis of kinetic studies, as well as on the comparison of the
two available crystal structures of the open gastric lipase,
its enantio preference is discussed. Furthermore, these two
three-dimensional structures allowed us to model the interac-
tions with a series of phosphonate inhibitors and to propose
a model for a bound physiological substrate in the active
site of gastric lipases.

EXPERIMENTAL PROCEDURES

Lipase Production and Purification.The recombinant DGL
was produced in transgenic maize and purified as described
previously (2), whereas the recombinant HGL was produced
in the baculovirus insect cell system and purified as described
by Canaanet al. (19).

Gastric Lipase ActiVity Measurement.The DGL and HGL
activity was measured potentiometrically at pH 5.5 and 37
°C, using the pH-stat method and the short chain triacyl-
glycerol as a substrate (tributyrin) under the conditions
established by Gargouriet al. (20). One unit of lipase activity
is the amount of enzyme which catalyzes the release of 1
µmol of fatty acid per minute.

Inhibition of Gastric Lipase by Alkyl Phosphonates.
Inhibition of DGL was carried out at a molar excess of
inhibitor to DGL of 50 in the presence ofâ-octyl glucoside
(â-OG at a final concentration of 40 mM) or sodium
taurodeoxycholate (NaTDC at a final concentration of 10
mM). When alkyl phosphonates were used at a molar excess
of 500, concentrations as high as 40 mM in NaTDC and
100 mM inâ-OG were required to solubilize the inhibitors.
After the chloroform was evaporated, the inhibitor was
dissolved in 2-propanol at a final concentration of 4% (w/w),

and â-OG or NaTDC and DGL or HGL (at a final
concentration of 57µM) were then added. Residual lipase
activity was measured at various incubation times using
tributyrin as a substrate.

Crystallization and X-ray Diffraction Studies.The crystal-
lization conditions and the space group for the DGL-
C11Y4(-) complex are the same as those described for the
DGL-C11Y4(+) complex (2). The crystals belong to space
groupC2221 (a ) 62.7 Å,b ) 167.1 Å, andc ) 178.5 Å).

X-ray diffraction data were collected to 2.8 Å resolution
on a Mar Research CDD camera with aλ of 0.9798 Å on
beamline ID14 EH4 at ESRF. The data were processed using
the DENZO software package (21). Specific volume calcula-
tions yielded two molecules per asymmetric unit, with a
solvent content of 56%. A total number of 21 648 unique
reflections were indexed using the SCALE pack (20) program
with anRmergeon intensities of 5.4%, a data set multiplicity
of 3.4, and a completeness of 93.1%, between 20.0 and 2.8
Å.

Determination of the Structure.The structure of the DGL-
C11Y4(-) complex was determined with the molecular
replacement method using the AMoRe program (22). The
structure of the DGL in complex with the (+) enantiomer
[DGL-C11Y4(+)] (PDB entry 1K8Q) was used as the search
model. The rotation function gave a unique solution, leading
to two positions in the translation function. Before fitting
was carried out, the correlation coefficient andRfactor were
41.8 and 43.5%, respectively, which refined to 48.2 and
40.4%, respectively. The C11Y4(-) phosphonate enantiomer
was built in the Fourier difference map with the program
Turbo-Frodo (23). CNS refinement (24) was carried out
between 20 and 2.8 Å resolution. The final model has good
geometry, with anRfree of 24.9% and anRfactor of 20.4%.
The statistics of the refinement are given in Table 1.

Modeling of the Alkyl Phosphonates in Complex with
Gastric Lipases.A model was constructed for the open form

Table 1: Data Collection and Final Refinement Statistics

data collection
resolution limit (Å) 20-2.8
completeness (%) 93.0 (81.8)
redundancy 3.4 (3.2)
Rsym

a 5.4 (21.2)
I/σ(I) 12.3 (2.5)

refinement
resolution limits (Å) 20-2.8
no. of reflections (test set) 21648 (1493)
no. of protein atoms 6064
no. of sugar atoms 112
no. of inhibitor atoms 36
no. of water molecules 220
final Rfactor

b (%)/Rfree
c (%) 20.4/24.9

B-factors (Å2)
protein 40.6
sugar 52.2
inhibitor 43.3
waters 38.5

rms deviations
bonds (Å) 0.0073
angles (deg) 1.38
impropers (deg) 0.75
dihedrals (deg) 26.1

a Rsym ) ∑h∑i|Ihi - 〈Ih〉|/∑h∑iIhi. b Rfactor ) ∑h||Fobs| - |Fcalc||/∑h|Fobs|,
whereFobs and Fcalc are the observed and calculated structure factor
amplitudes, respectively.c Rfree is calculated with 7% of the diffraction
data, which were not used during the refinement.
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of HGL from the X-ray-determined open form of DGL. The
residues were substituted manually with Turbo-Frodo, and
amino acid side chain best fitting was performed with the
rotamer search function. The molecule was then subjected
to a minimization of the energy using the CNS software.

Both RP and SP enantiomers of phosphonates with an
alkoxy chain of 11 carbon atoms and a variable alkyl
chain length (from 6 to 16 carbons, C6-16Y11) were built
in complex with DGL and HGL. Since the C11Y4(+) in
complex with DGL had anSP absolute configuration, it
was therefore used as a model for all theSP enantiomers.
Carbon atoms were added or deleted using Turbo-Frodo (23)
to build C6-16 Y11(SP) enantiomers, and a torsion was needed
in the case of long alkyl/alkoxy chain phosphonates to avoid
steric hindrance with side chain residues of the amino acids
of the catalytic crevice. The phosphonate inhibitors were all
kept covalently bound to the active site serine (Ser153). The
lipase-inhibitor complexes were then subjected to energy
minimization using the CNS software. The input topology
and parameter files of the alkyl inhibitor and of the lipase
were adapted from those used to refine the DGL-C11Y4(+)
complex crystal structure. Minimization of the DGL-inhib-
itor covalent complexes was carried out in two sequential
steps, applying potential harmonic constants on the CR atoms
of 10 and 2 kcal mol-1 Å-2, respectively. Ten thousand
calculation steps were run in each minimization round.

The positions of the alkoxy and alkyl chains of the methyl
undecyl phosphonate enantiomers were inverted in the active
site of the HPL as previously performed by Egloffet al.
(15). On the basis of these data, we have switched the alkyl
and alkoxy chains of theSP enantiomers to obtain the starting
model for theRP enantiomers. Then theRP enantiomers, with
variable chain lengths, were built, and minimization calcula-
tions were run as described for theSP enantiomers.

The triglyceryl intermediate was modeled on the basis of
the inhibitor starting position and adjusted manually. It was
then subjected to energy minimization with CNS, with the
same strategy that was used for the phosphonate inhibitors.

RESULTS AND DISCUSSION

Inhibition of Gastric Lipases by Various Alkyl Phospho-
nate Enantiomers.To study the enantio preference of gastric
lipase toward phosphonate compounds with variable alkyl
chain lengths, a series of (+) and (-) enantiomers were
assayed as potential inhibitors of HGL (Figure 1) and DGL
(Tables 2 and 3). Two series of inhibitors were used. The

first series has an alkyl chain length varying from 6 to 16
carbon atoms and an 11-carbon alkoxy chain (C6-16Y11 alkyl
phosphonates); the second series possesses an 11-carbon
alkyl chain and an alkoxy chain with either four (C11Y4) or
six (C11Y6) carbon atoms.

The (+) enantiomers of C6-16Y11 alkyl phosphonates were
found to be powerful inactivators of DGL, particularly in
the presence ofâ-OG, since the time required to observe a
loss of 50% of the initial lipase activity (t1/2 ) did not exceed
7 min, at an inhibitor to lipase molar excess of 50 (Table 2).
The inhibition is less efficient, however, in the presence of
NaTDC sincet1/2 values were found to range between 53
min [C6Y11(+)] and 99 min [C8Y11(+)]. The C12Y11(+) and
C16Y11(+) failed to inactivate DGL even in the presence of
50 mM NaTDC. From these data, it can also be concluded
that the (-) enantiomers of C6-16Y11 exhibit a weaker
capacity to inhibit DGL, even in the presence ofâ-OG or
NaTDC.

The C6-16Y11(+) enantiomers were also tested for their
inhibitory capacity on HGL. The inhibitors with short (C6

and C8) and medium (C12) alkyl chain lengths were found
to be inhibitors witht1/2 values of 4, 7, and 22 min for
C8Y11(+), C12Y11(+), and C6Y11(+), respectively. In contrast,
long chain inhibitors such as C16Y11(+) failed to inactivate
HGL (Figure 1). These results agree with those obtained by
Cavalieret al. (25) using the monolayer technique.

It seems that a relation was established between the order
of the elution of the enantiomers from the chiral HPLC
column and the inhibition properties of the phosphonate
rather than their optical rotations. Indeed, the slowly eluted
C11Y4(-) as well as the C11Y6(-) enantiomers were found
to inactivate DGL more efficiently than the fastly eluted
C11Y4(+) and C11Y6(+) do (Table 3). DGL lost half of its
initial activity within 4, 3, 12, and 7.2 min with C11Y4(-),
C11Y6(-), C11Y4(+), and C11Y6(+), respectively (Table 3).
Interestingly, the C11Y4 and C11Y6 phosphonates are powerful
DGL inactivators but affect to a lesser extent the HGL
activity. As observed for the series of C6-16Y11 enantiomers,
the inhibition rate is drastically accelerated in the presence
of â-OG as compared to that in NaTDC (data not shown). It
is worth noticing that comparable inhibition data were
obtained when the C6-16Y11(+), C11Y4, and C11Y6 alkyl
phosphonate to lipase molar excess was 50 or 500 (Tables 2
and 3).

FIGURE 1: Kinetic curves of HGL inactivation by the C6Y11(+)
(O), C8Y11(+) (0), C12Y11(+) (]), and C16Y11(+) (4) phospho-
nates. The inhibitors were used at a molar excess of 50, in the
presence ofâ-OG (see Experimental Procedures).

Table 2: Half-Lives (minutes) of the DGL Activity in the Presence
of C6-16Y11 Enantiomersa

â-OG (40 mM) NaTDC (10 mM)

inhibitor

inhibitor
molar excess

of 50

inhibitor
molar excess

of 500

inhibitor
molar excess

of 50

inhibitor
molar excess

of 500

C6Y11(+) 3.3 2 53 23.5
C8Y11(+) 3.3 3 99 36.4
C12Y11(+) 6 4.2 NI 48.2
C16Y11(+) 7 5.5 NI 65
C6Y11(-) 11 17 130 165
C8Y11(-) 5.3 7.5 130 143
C12Y11(-) 98 95 150 173
C16Y11(-) 123 123 140 161.8

a NI means no inhibition and corresponds to a residual lipase activity
exceeding 90% after incubation for 60 min with the inhibitor.
Experiments were performed at least twice, and the maximal standard
error was 8% of the reported values.
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OVerall Structure of DGL in Complex with the (-)
Enantiomer of C11Y4. We previously determined the three-
dimensional structure of the open DGL in complex with the
(+) enantiomer of C11Y4 [DGL-C11Y4(+)]. Crystals of the
DGL in complex with the (-) enantiomer of C11Y4 [DGL-
C11Y4(-)] were presently obtained under the same experi-
mental conditions as previously described (2) and belong to
the same crystal form. The crystal structure was determined
at 2.8 Å resolution (Figure 2A). As previously described,
the DGL molecule consists of anR/â core domain covered

by cap and lid domains. No significant differences occur
between the structures of the two DGL complexes since the
rmsd between them is 0.2 Å. The crystal packing of the DGL
molecule is similar in both complexes, and the observed
glycosyl moieties are also identical.

The residues involved in the interaction with each enan-
tiomer are located in a deep crevice that is∼20 Å × 20 Å
× 7 Å (Figure 2B). The residues of the catalytic triad
(Ser153, Asp324, and His353) and the oxyanion hole (Leu67
and Gln154) were indeed perfectly superimposable. A slight
deviation of∼1 Å was observed, however, between the two
lid domains (residues 212-251) and between two helices
(residues 186-208) belonging to the cap domain. This region
is probably involved in the interactions with the lipid
substrate and exposes a patch of hydrophobic residues of
2800 Å2. A leucine rich region (Leu68, -191, -195, -197,
-234, -235, -260, and -326) could play a crucial role in the
interactions with the lipid matrix.

ActiVe Site-Bound Inhibitor.The C11Y4(-) enantiomer was
easily positioned in the electron density map, covalently
bound to the catalytic serine. When both crystal structures
are superimposed, the alkyl chain of one C11Y4 inhibitor
enantiomer follows accurately the track of the ester chain
of the other reverse optical enantiomer. Practically, the first

FIGURE 2: Views of the structure of DGL in complex with C11Y4(-). (A) Solid representation of the complex. Hydrophobic residues are
shown in blue, and the inhibitor is shown as red sticks. (B) Stereoview and superposition of the catalytic crevice of the DGL-C11Y4(-)
(red line) and DGL-C11Y4(+) (thin pink line) complexes with aâ-OG molecule (thin green line). Residues involved in the interaction with
the phosphonate are represented as sticks.

Table 3: Half-Lives (minutes) of the DGL and HGL Activities in
the Presence of C11Y4 or C11Y6 Enantiomers andâ-OG (40 mM)a

DGL HGL

inhibitor

inhibitor
molar excess

of 50

inhibitor
molar excess

of 500

inhibitor
molar excess

of 50

inhibitor
molar excess

of 500

C11Y4(+) 12 9.6 NI NI
C11Y6(+) 7.2 5.3 63 76
C11Y4(-) 4 3.5 20 21
C11Y6(-) 3 3.5 19.5 19.5

a NI means no inhibition and corresponds to a residual lipase activity
exceeding 90% after incubation for 60 min with the inhibitor.
Experiments were performed at least twice, and the maximal standard
error was 8% of the reported values.
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four carbons of the alkyl chain of the C11Y4(-) enantiomer
were aligned with the alkoxy chains of the C11Y4(+)
enantiomer (Figure 3), and the alkyl chain was further built,
pointing toward the entry of the catalytic pocket (Figure 2A).
Surprisingly, theâ-OG molecule, previously observed stack-
ing against the inhibitor in the active site of the DGL-
C11Y4(+) complex, is absent in the present DGL-C11Y4(-)
complex (Figure 2A). A spare electron density is observed
in the active site, indicating that multiple conformations and/
or agitatedâ-OG might also be present in this structure, but
cannot be modeled in the electron density map.

From this crystal structure of the complex between DGL
and the C11Y4(-) inhibitor, we could unambiguously attribute
the absoluteRP configuration to the phosphorus atom from
the bound phosphonate. Since phosphonate inhibition pro-
ceeds by a nucleophilic attack from the catalytic serine on
the phosphorus atom, through a SN2 mechanism with an
inversion of configuration (see the reaction scheme from
Table 4B), the original absolute configuration of the free
inhibitors was reversed as compared to the covalently bound
phosphonates. We can thus deduce that the free C11Y4(-)
molecule is theSP enantiomer, and consequently, the free
C11Y4(+) molecule is itsRP antipod (Table 4A).

The most prominent structural feature is the stabilization
of the most powerful inhibitor [C11Y4(-)] by a hydrogen
bond (3.2 Å) between the O1 atom of the phospho ester group
and Nε of the catalytic histidine (His353). In the case of the
less potent inhibitor [C11Y4(+)], the hydrogen bond is not
possible since the interatomic distance is 4.5 Å. Likewise, a
similar hydrogen bond between O1 of the phosphonate
inhibitors and the catalytic histidine was proposed to account
for the enantio preference ofCandida rugosalipase toward
theRP enantiomer of menthyl esters (11) andPseudomonas
cepacialipase toward theRP triacylglycerol analogues (9).

Modeling of Alkyl Phosphonates in the ActiVe Sites of
Gastric Lipases.In an attempt to understand on a structural
basis the stereospecificity of gastric lipases toward alkyl
phosphonate inhibitors, we have modeled, inside the catalytic
site of DGL and HGL, the binding of the two enantiomers
of several phosphonate inhibitors for which inhibition data
were available. Using the previous three-dimensional struc-
ture of the DGL inhibited by the C11Y4(+) phosphonate, we
have built models ofSP enantiomers of phosphonate inhibi-
tors (SP enantiomeric configuration) with variable alkyl
chains (C6-16Y11), covalently bound to the catalytic serine.
Theâ-OG molecule previously observed in the catalytic site
was kept in the models. With regard to the enantiomeric
antipod models of the covalently bound C6-16Y11 (RP

enantiomer configuration), we have switched the alkyl and
alkoxy chains of C11Y4 in its SP configuration and added or
deleted atoms to obtain the required alkyl chain length. All
the alkyl chains of the various enantiomers were found to
fit nicely, without steric clash, inside the active site of DGL.
There is space enough in the active site of DGL for a chain
length of 10-12 carbon atoms. Consequently, all inhibitors
with a chain length of fewer than 12 carbon atoms were
found to be completely buried inside the catalytic crevice,
whereas longer chains were found to point out of the
cavity and would probably interact with the lipid matrix
(Figure 4A). As observed in this crystal structure of the
DGL-C11Y4(-) complex, all the bound enantiomers in their
RP configuration were stabilized by a hydrogen bond with
the catalytic histidine (Table 5). In contrast, this hydrogen
bond was not established with the bound enantiomers with
theSP configuration, their O1 atom being located more than
5 Å from the Nε atom of the catalytic histidine.

Since the sequences of HGL and DGL are 85.7% identical,
a homology model of the open form of HGL was built up,
based on the crystal structure of the DGL-C11Y4(+)
complex. Models of complexes of HGL with phosphonate
inhibitors were also constructed as described previously for
DGL. The results obtained with HGL and the two series of
phosphonate enantiomers were comparable to those obtained
with DGL. No apparent structural feature could explain the

FIGURE 3: Superimposition of C11Y4(+) (thin pink line) and
C11Y4(-) (thick red line) with aâ-OG molecule (thin green line).

Table 4: (A) Correlation between the Optical Activity and the
Absolute Configuration of the Phosphonate Inhibitor and (B)
Scheme of the Nucleophilic Substitution of Ser153 on the Chiral
Inhibitor Phosphonate Compound

absolute configuration(A) phosphonate optical
enantiomer covalently bound free

C11Y4(-) RP SP

C11Y4(+) SP RP

Table 5: Distances (Å) between Nε of the Catalytic Histidine
(His353) and O1 of the Phosphoester Bond As Deduced from the
Models of the DGL-Phosphonate Complexes

RP enantiomeric
configuration

SP enantiomeric
configuration

C6Y11 2.96 5.07
C8Y11 2.96 5.03
C12Y11 2.98 5.15
C16Y11 2.88 5.02
C11Y4 3.01 5.00

Structure and Inhibition of Gastric Lipases Biochemistry, Vol. 42, No. 40, 200311591



better inhibition of the phosphonates toward DGL as
compared to HGL, however (Table 3).

Model of a Triacylglycerol in the ActiVe Site of Gastric
Lipases.The modeling of the covalently bound phosphonate
inhibitors inside the active site of the gastric lipases and the
stabilization by a hydrogen bond of the compounds with an
RP configuration prompted us to establish a model for a long
chain triacylglycerol intermediate bound in the active site
of the DGL. We built the first tetrahedral intermediate
corresponding to the tristearoyl-lipase complex by aligning
two adjacent chains of the triacylglycerol with the alkyl and
alkoxy chains of the C11Y4 molecule and keeping it within
hydrogen bonding distance of the catalytic histidine. Under
these conditions, the triglyceride intermediate fills completely
the active site crevice of DGL (Figure 4A). A total of 634
Å2 of the DGL water accessible surface is covered by the

triglyceride, revealing that no room is available for any
molecule to squeeze inside the active site when the tetra-
hedral intermediate is bound. The same model was carried
out with HGL (data not shown), leading to similar results.
However, although the alkyl chains exhibit some slight
positional differences between DGL and HGL (data not
shown), they do not explain the marked preference of DGL
for long chain triacylglycerol as compared to HGL (26).

The shielding of the active site by the bound intermediate
seems to be a specific feature of gastric lipases in contrast
with pancreatic lipases which possess a much more accessible
active site. Lipases being hydrolases, they need rapid access
of water to the catalytic triad to hydrolyze efficiently the
first tetrahaedral intermediate (in DGL at a rate of∼1000
s-1). Clearly, access of water to the gastric lipase active site
seems to be drastically hindered considering both the lipase
adsorption to the lipidic interface and the penetration of the
substrate into the active site crevice. In similar situations
with several hydrolases, a channel distinct from the active
site could be identified for supplying it with a flux of water
molecules (27). Such a water channel can be identified in
DGL by observing its water accessible surface (Figure 4B).
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FIGURE 4: Superimposition of models of the C16Y11 (RP configu-
ration) inhibitor (red) and the first tetrahedral intermediate of a
tristearoylglycerol molecule (yellow) inside the active site of DGL.
(A) Solid representation of DGL with hydrophobic residues shown
in blue. The inhibitor (red stick) and theâ-OG molecule (green
stick) as well as the triglyceride molecule (yellow) show no steric
hindrance with the surface of the lipase. Theâ-OG molecule
observed in the active site was maintained during the calculations.
The distal carbon atoms of the chains are pointing toward the
solvent, with both the phosphonate and the triglyceryl intermediate.
(B) Slabbed surface of the DGL-triglyceryl intermediate model
showing the water access channel to the active site (arrows).
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