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d’Ingénierie des Protéines, UPR 9036 CNRS, BP 71, 13402 Marseille Cedex 9, France, the ¶Large Scale Structures Group,
Institut Laue-Langevin, BP 156, 38042 Grenoble, France, and the iGrupo de Cristalografia Macromolecular y Biologia
Estructural, Instituto “Rocasolano,” CSIC, Serrano 119, 28006 Madrid, Spain

In the duodenum, pancreatic lipase (PL) develops its
activity on triglycerides by binding to the bile-emulsi-
fied oil droplets in the presence of its protein cofactor
pancreatic colipase (PC). The neutron crystal structure
of a PC-PL-micelle complex (Hermoso, J., Pignol, D.,
Penel, S., Roth, M., Chapus, C., and Fontecilla-Camps,
J. C. (1997) EMBO J. 16, 5531–5536) has suggested that
the stabilization of the enzyme in its active conforma-
tion and its adsorption to the emulsified oil droplets are
mediated by a preformed lipase-colipase-micelle com-
plex. Here, we correlate the ability of different am-
phypathic compounds to activate PL, with their associ-
ation with PC-PL in solution. The method of small angle
neutron scattering with D2O/H2O contrast variation was
used to characterize a solution containing PC-PL com-
plex and taurodeoxycholate micelles. The resulting ra-
dius of gyration (56 Å) and the match point of the solu-
tion indicate the formation of a ternary complex that is
similar to the one observed in the neutron crystal struc-
ture. In addition, we show that either bile salts, lyso-
phospholipids, or nonionic detergents that form mi-
celles with radii of gyration ranging from 13 to 26 Å are
able to bind to the PC-PL complex, whereas smaller
micelles or nonmicellar compounds are not. This further
supports the notion of a micelle size-dependent affinity
process for lipase activation in vivo.

Pancreatic lipase (PL)1 hydrolyzes triglycerides at the oil-
water interface. PL comes into contact with pure triglycerides
only during in vitro experiments. Under these conditions, the
enzyme can be completely but reversibly inactivated by bile
salts normally found in the duodenum (1). In vivo, the lipase
activity on bile salt-emulsified interfaces is possible thanks to
the presence of colipase (PC), a 10-kDa nonenzymatic protein
found in the pancreatic juice (2, 3). The system lipase-colipase-
bile-substrate involves several important interactions, the na-
ture of which are not completely understood.

There is significant structural information concerning the

protein components of this system. The x-ray structures of the
uncomplexed human (4) and horse (5) pancreatic lipases re-
vealed that the enzyme is divided into two domains. The N-
terminal domain contains the active site covered by an am-
phiphilic flap that prevents the access of the substrate. This
observation provides an explanation for the low activity of PL
on monomeric substrates. The catalytic triad (Ser153-His264-
Asp177) is similar to that found in other serine hydrolases. The
noncatalytic C-terminal domain is responsible for colipase
binding, as shown by the human lipase-porcine colipase struc-
ture (6). This structure showed that colipase is a flattened
molecule that consists of a three-finger-shaped region held
together by five disulfide bridges (7). The human-porcine com-
plex that was crystallized in the presence of mixed bile salt
phospholipid micelles revealed that the flap could move away
from the position it occupies in the uncomplexed PL (8). The
motion of the flap makes the active site accessible to the sub-
strate and unmasks a large hydrophobic region on the surface
of the enzyme. This region is thought to be responsible for the
binding of the enzyme to the oil droplet-water interface. The
structure of the homospecific porcine lipase-colipase complex
(9) was solved from crystals obtained in the presence of the
nonionic detergent C8E4. Under these conditions, the enzyme
also displays an open active site conformation. The activation
of the enzyme was attributed, in this case, to the combined
effect of pure detergent micelles and colipase in the crystalli-
zation medium. This was confirmed by PL inhibition in solution
with the serine specific inhibitor diethyl p-nitrophenylphos-
phate (E600) (9).

Bile salt interactions with PC have been extensively studied
in the past. Calorimetry (10), circular dichroism (11), affinity
chromatography (12), spectrofluorometry (13, 14), fluorescence
(15–17), ultracentrifugation (18), and small-angle neutron
scattering studies (19) have been reported. These results sug-
gest that PC does not bind a significant amount of bile salt
monomers but interacts specifically with a preformed micelle.
More recently, the neutron diffraction low resolution structure
of a ternary lipase-colipase-micelle complex confirmed those
results and showed for the first time the structural organiza-
tion of the three partners of the system (20). In this activated
complex, the disc-shaped micelle interacts with both PC and
the distal tip of the C-terminal domain of PL. It indirectly helps
to stabilize the PL open flap configuration. The opening of the
flap requires the presence of both PC and micelles and is a
reversible phenomenon because upon removal of micelles, PL
adopts an inactive closed conformation (9). Based on these
findings, it was proposed that in vivo, PL adsorption to the
emulsified oil droplets is mediated by a preformed PC-PL-
mixed micelle complex (20).
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The aim of the work presented here was to better character-
ize the formation of the lipase-colipase-micelle ternary complex
in solution and to establish its dependence as a function of the
size of the micelles. We carried out a series of small angle
neutron scattering (SANS) experiments on the PC-PL-bile salt
system coupled to PL inhibition by E600 to investigate the
ability of different lipids to activate the enzyme (E600 inhibi-
tion requires an exposed active site and thus is indicative of the
opening of the flap). In addition, because the SANS method
coupled to contrast variation is very well adapted to obtaining
structural information on systems composed of two components
of different scattering density (such as lipid-protein associa-
tions (21)), we characterized the formation of a PC-PL-tauro-
deoxycholate micelle complex in solution.

EXPERIMENTAL PROCEDURES

E600 Inhibition

PL and PC were purified from a delipidated acetonic pancreatic
powder. PL was purified according to the method of Lombardo et al.
(22). PC was purified according to Chapus et al. (23).

The inhibition experiments were performed in 50 mM sodium acetate
buffer, pH 6.0, containing 0.1 M NaCl. PL, in the presence of PC and
different types of surfactants (bile salts, nonionic detergents, and phos-
pholipids) was treated with 2 mM E600. The mixture was incubated at
25 °C, and aliquots were withdrawn from the mixture at various time
intervals. The remaining lipase activity was titrimetrically determined
at pH 7.5 and 25 °C using 0.11 M emulsified triacylbutyrylglycerol
(tributyrin) in 1 mM Tris/HCl buffer containing 0.1 M NaCl, 5 mM CaCl2.
Control experiments in which PC was omitted were also performed in
order to check PL stability.

SANS Experiments
SANS on Different Types of Micelles

Bile salts (sodium taurodeoxycholate (NaTDC), sodium taurocholate
(NaTC)), phospholipids (lecithin and lysolecithin), and nonionic deter-
gent samples (N,N-dimethyldodecylamine-N-oxide, b-octylglucomalto-
side, tetra-ethylene glycolmonooctyl-ether (C8E4)) were prepared from
commercial powders in 10 mM Tris/HCl, pH 7.0 (100% H2O solvent), at
submicellar concentrations (between 2 and 10 mg/ml), without further
purification.

SANS data were collected on the D11 instrument (24) at the Institut
Laue-Langevin (Grenoble, France). The two-dimensional multidetector
was placed at a distance of 2.5 m from the sample. Incident neutrons of
wavelength l 5 10 Å were used. Samples were contained in quartz
cuvettes with a path length of 2 mm thermostatted at 20 °C. A buffer
solution was used as the blank in the neutron scattering experiments.

SANS on Lipase/Colipase in the Presence and Absence of Bile
Salt Micelles

Sample Preparation—PL and PC solutions were freshly prepared
from the purified freeze-dried proteins in 10 mM Tris/HCl, pH 7.0,
containing either 0, 28, 68, or 100% D2O. The protein concentrations
were measured by UV spectrophotometry at 280 nm (E%5 13.3 and 4 for
PL and PC, respectively) and the monodispersity of the solutions was
initially checked using dynamic light scattering. Solutions were mixed
to obtain a 1:1 molar ratio corresponding to 3 mg/ml (;5 3 1025 M)
lipase-colipase complex. Under such conditions, all lipase and colipase
molecules should be involved in a complex (KD 5 1027 M). These solu-
tions are called PC/PL below. A buffer solution was used as the blank in
the scattering experiments.

Aliquots of the different PC/PL solutions were extensively dialyzed
for 24 h against solutions containing 10 mM Tris/HCl (pH 7.0), 10 mM

NaTDC at either 0, 28, 68, or 100% D2O (M solutions). The resulting
solutions are called PC/PL/M. M solutions were used as the blanks in
the analysis of the PC/PL/M scattering experiments. The same proce-
dure was used to prepare M and PC/PL/M solutions in 100% D2O with
15 mM NaTC instead of NaTDC.

SANS Measurements—SANS data were collected using the D22
beam-line at the high flux neutron reactor at the Institut Laue-Lange-
vin. The two-dimensional multidetector was placed at a distance of
either 3 or 1.5 m from the sample. The wavelength was 10 Å. Samples
were deposited in quartz cuvettes of either 2 or 1 mm path length,
depending on the D2O content of the sample, and thermostated at
20 °C. The D2O content of samples and buffer were verified by neutron

transmission measurements. Neutron scattering data were collected for
about 20 min to obtain statistically significant spectra for samples in
H2O, whereas 10 min were sufficient for samples in D2O.

SANS Data Processing—All spectra were background-substracted
and normalized to the incoherent scattering of a 1-mm-thick sample of
water using the standard data reduction programs RNILS, XPOLLY,
and RPLOT (25). The corrected scattering curves I(Q) versus Q were
interpreted via the linear Guinier approximation for a globular particle,
as follows,

I~Q! 5 I~0!expS2 Rg2Q2

3 D (Eq. 1)

where Q 5 4p(sin2u/l), 2u is the scattering angle, and l is the neutron
wavelength. Hence, a plot of ln(I(Q)) versus Q yields two independent
parameters: the radius of gyration, Rg, and the extrapolated zero-angle
scattering intensity, I(0).

In the case of PC/PL and PC/PL/M solutions, the experiments were
carried out as a function of contrast. Extrapolated I(0) values as deter-
mined by the Guinier plots allowed the determination of the experi-
mental match points from linear plots of (I(0)/c)1/2 versus D2O concen-
tration in the sample. This match point value is defined as the solvent
content for which the scattering density of the macromolecule is equal
to that of the solvent. The average scattering density of NaTDC was
calculated from its chemical composition (19). Assuming that all three
hydrogens are exchanged, the average densities in H2O and D2O are
0.88 3 1010 and 1.39 3 1010 cm22, respectively. These values lead to a
theoretical match point of 20%. The average scattering density of the
lipase-colipase complex was calculated from its amino acid composition
and by using the scattering lengths and volumes of the individual
amino acids given by Jacrot (21). In H2O, the average density is 1.87 3
1010 cm22. In D2O, assuming that all the exchangeable hydrogens have
been exchanged with D2O, a scattering density of 3.2 3 1010 cm22 was
obtained. This leads to a theoretical match point of 43% for the protein
complex.

The knowledge of the experimental match point for the protein
solution and protein/bile salt solution allows for the determination of
the mass fraction, X, of bile salts in the complex using the expression,

X 5
~rP 2 rS!nP

~rP 2 rS!nP 2 ~rD 2 rS!nD
(Eq. 2)

where nP represents the partial specific volume of the protein, nD the
partial specific volume of the detergent, rP the scattering length density
of the protein at the experimental match point of the complex, rD the
scattering length density of the detergent at the experimental match
point of the complex, and rS the scattering length density of the solvent
(26).

The SANS results (the radius of gyration and the bile salt mass
fraction in the complexes) were modeled using different molecular
structures. The x-ray structure of the lipase-colipase complex (9) was
used in the case of the PC/PL solution spectrum and the low resolution
neutron diffraction PL-PC-C8E4 structure (20) was used in the case of
the PC/PL/M solution. In addition, different lipase/colipase/micelle as-
sociations were built using the graphic program O (27).

RESULTS

E600 Inhibition—As reported previously (9), PL was irre-
versibly inhibited by E600 in the presence of PC and micellar
concentration of either NaTDC or nonionic detergents, such as
b-octyl glucoside or tetra-ethylene glycol monooctyl-ether. Un-
der those conditions, PL displayed an open active conformation
exposing the catalytic serine to E600. By contrast, NaTC mi-
celles, which are smaller in size, were unable to induce an
effective PL activation (20).

To investigate the influence of the macromolecular organi-
zation, as well as the chemical nature, of amphiphilic com-
pounds on the opening of the PL flap, E600 inhibition experi-
ments were performed in the presence of PC using various
compounds. As shown in Table I, PL inhibition by E600 was
observed in the presence of either pure oleic acid or pure
lysolecithin (L-a-lysophosphatidylcholine) provided that these
compounds were used at supramicellar concentrations. As ex-
pected, the rate of inhibition, which is slightly affected by the
chemical nature of the compound, increases with the micelle
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concentration. The same results were observed using either
nonionic detergent with uncharged polar groups (n-alkyl-b-
thioglucosides or n-alkylmaltosides) or n-alkyl dimethylamin-
eoxide (N,N-dimethyldodecylamine-N-oxide), which is zwitteri-
onic at pH 6 (data not shown).

By contrast, no inhibition was observed in the presence of
pure lecithins (Table I), which do not form micelles but rather
vesicular structures or liquid crystals (28, 29). However, when
lecithins formed mixed micelles with oleic acid, lysolecithins, or
NaTDC, a significant rate of PL inhibition was restored.

The influence of both the NaTDC concentration and the
lecithin-to-NaTDC molar ratio on the rate of inhibition by E600
was investigated (Table I). For a NaTDC concentration close to
the critical micellar concentration (1 mM), the addition of leci-
thins at molar ratios ranging from 1 to 5 led to rapid and
complete PL inhibition by E600. However, increasing the leci-
thin to NaTDC molar ratio to 6 resulted in a significant de-
crease of the rate of inhibition. This can be explained by a
transition from micellar to vesicular structures induced by the
high lecithin concentration relative to the NaTDC
concentration.

It must also be pointed out that the efficiency of mixed

micelles depends upon their lecithin content (Table I). This
finding, which is quite obvious in the case of NaTDC/lecithin
micelles, could be of physiological significance.

SANS on Micelles—In order to relate E600 inhibition to the
structural organization of the different hydrophobic com-
pounds, SANS experiments were carried out under the same
conditions of pH and salt concentration. The slope of the linear
Guinier plots gives the radius of gyration for the different
micellar compounds: NaTDC, N,N-dimethyldodecylamine-N-
oxide, dodecyl maltoside, and lysolecithin micelles have radii of
gyration of 13.2 6 0.15, 17.1 6 0.06, 17.9 6 0.08, and 26.7 6 0.1
Å, respectively (data not shown). All these compounds are able
to activate the PC-PL complex, as measured by inhibition ex-
periments. Interestingly, NaTC micelles, which do not activate
PL efficiently (20), display a smaller Rg value (8.25 6 1 Å).

For lecithin-bile salt solutions, the Guinier linear approxi-
mation is not valid, and the experimental results were not easy
to interpret. A likely explanation is that these compounds form
polydisperse solutions in which mixed micelles coexist with
vesicles as already reported (30, 31). However, these mixed
micelles, which behave as potent activators, have been de-
scribed as wormlike micelles, with radii of gyration that range
from 18 to 30 Å (31). Similar SANS experimental results were
observed with pure lecithin solutions. Because lecithins are
unable to activate PL, it can be assumed that the liquid crys-
talline bilayers or vesicles formed by lecithins in solution can-
not fit the lipase-colipase cavity.

SANS on Lipase/Colipase in the Presence and Absence of
Micelles—Initial experiments were carried out on lipase-co-
lipase complex solutions (PC/PL) in the absence of bile salts
micelles. The Guinier plots at different D2O concentrations are
presented in Fig. 1A. The plot Rg2 5 f(1/contrast) (Stuhrmann
plot, not shown) leads to a radius of gyration at infinite contrast
of 25 Å, which is in good agreement with that calculated for the
PL-PC complex using the x-ray structure coordinates (9) (Rg 5
26 Å). The square root intensity at zero angle, normalized to
unit concentration, thickness, and transmission, is a linear
function of the scattering density of the solvent (Fig. 2). The
point at which the fitted straight line crosses the abscissa
indicates the match point of the solution. From the observed
value of 41.6% as compared with the theoretical value of 43.5%
(see under “Experimental Procedures”), it can be deduced that
90% of exchangeable protons of the lipase-colipase complex
were exchanged with the D2O content of the solvent.

Data were also collected on the free NaTDC micelle solutions
at different D2O concentrations. Processing of these data (not
shown) gives results similar to those previously described by
Charles et al. (19), that is, an Rg of 13 Å and a match point of
20% D2O.

We applied the same procedure to the spectra obtained from
the lipase-colipase complex solutions in the presence of NaTDC
bile salt micelles. Data collected at different D2O concentra-
tions were processed using the corresponding free NaTDC mi-
celle spectra obtained from the dialyzed solutions as blanks.
This allowed us to cancel out the signal coming from uncom-
plexed micelles. The Guinier plots at different D2O concentra-
tions are presented in Fig. 1B. The resulting radius of gyration
of 56 Å clearly shows that in the presence of micelles, a complex
larger than one lipase/colipase is formed. The square root in-
tensity at an angle of 0° is a linear function of D2O content (Fig.
2). The resulting match point is 38.6%. Because this value
significantly differs from the one obtained for the protein alone
(41.6%), we can conclude that bile salt micelles are bound to the
lipase/colipase complex. Association of two lipase-colipase com-
plexes to one micelle of detergent (assuming a molecular mass
of 12,000 Da for the micelle (19)) would result in a theoretical

TABLE I
Influence of the concentration of various lipidic compounds on

PL inhibition by E600 in the presence of PC
PL (1025 M) was incubated at 20 °C and pH 6.0 with 2 mM E600 in the

presence of 2 3 1025 M PC and various compounds concentrations. The
percentage of inhibition reported in the table corresponds to the inhi-
bition observed after 30 min of E600 incubation. The concentrations
above the CMC are indicated in italics.

Compound Concentration Inhibition
(t 5 30 min)

mM %

Pure compounds
NaTDC 0.5 0

1 15
6 25

Oleic acid 0.1 5
0.2 15
0.5 30
0.75 65
1 100

Lysolecithin 0.004 15
0.02 15
0.1 65
0.2 90
0.5 100

Lecithins 1 0
3 0

Mixed compounds
Lecithin, 3 mM

Oleic acid 0.1 0
Oleic acid 0.2 10
Oleic acid 0.5 70
Oleic acid 1 90
Oleic acid 2 100

Lecithin, 1 mM

Lysolecithin 0.004 30
Lysolecithin 0.01 62
Lysolecithin 0.02 95
Lysolecithin 0.2 100

TDCNa, 1 mM

Lecithin 1 100
Lecithin 3 100
Lecithin 4 100
Lecithin 5 100
Lecithin 6 35

TDCNa, 6 mM

Lecithin 1 60
Lecithin 3 92
Lecithin 6 100
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match point of 39.2%, a value in good agreement with the
experimental match point.

On the basis of this stoichiometry, different protein-micelle
associations were modeled (Fig. 3) using the neutron crystal
structure coordinates of the lipase-colipase-micelle complex. In
the crystal structure, two lipase-colipase complexes bind to the
same micelle, with their longest axes oriented in a parallel
fashion (20). This type of association gives a radius of gyration
of 55 Å, very close to the experimental value of 56 Å. All of the
other models that we built did not fit the experimental results

(Fig. 3). In our model, the volume of the cavity defined by the
two lipase/colipase complexes and containing the bile salt mi-
celle is around 13,700 Å3, a value close to the volume of a
NaTDC micelle, which is 12,200 Å3.

In order to study the influence of the micelle size on the
formation of the ternary complex, SANS experiments at a sin-
gle contrast of 100% D2O were also carried out on a PL-PC
complex solution extensively dialyzed against a NaTC micelle
solution. The signal coming from uncomplexed micelles was

FIG. 1. Small angle neutron scattering curves plotted as
Guinier profiles at different D2O/H2O contrasts for the lipase-
colipase complex solution (A) and the lipase-colipase-NaTDC
micelle complex solution (B). The D2O percentage in the buffer is
shown against each curve. C, Guinier plots at 100% D2O were obtained
from lipase-colipase solutions in either the presence or the absence of
NaTC micelles.

FIG. 2. Variation of zero angle scattering with solvent deutera-
tion for the lipase-colipase solution in the absence (red lines) or
the presence (blue line) of NaTDC micelles. The I(0) values, ob-
tained from the scattering curves shown in Fig. 1, A and B, have been
normalized to unit concentration, thickness, and transmission.

FIG. 3. Different putative lipase-colipase-micelle associations
were built with the program O (27). For each model, the open flap
lipase is depicted in blue, colipase in cyan, and the bile salt micelle as an
orange circle. Models A and B are derived from the neutron crystal
structure (20). In model C, the hydrophobic regions of the two activated
lipase molecules are facing each other; in model D, they are stabilized
by the tip of the colipase fingers region; and in model E, they directly
interact with the bile salt micelle. The theoretical radius of gyration and
match point percentages for each model are given. Only models A and
B can explain the SANS experimental parameters (Rg 5 55 Å; match
point, 39.3%).
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eliminated as previously. The Guinier plot (Fig. 1C) is similar
to the one obtained from a PC-PL solution in the absence of bile
salt micelles and leads to an Rg value of 26 Å. This result,
related to the lipase inhibition data, confirms that NaTC mi-
celles are too small to fill in the PL-PC cavity, thus leading to
an inefficient ternary complex.

DISCUSSION

Pancreatic lipase, colipase, and bile salts act synergistically
in the lipid hydrolytic reactions of the upper small intestine.
Besides the well documented interaction between lipase and its
protein cofactor (7), little structural information on their inter-
actions with bile salts is available. The relevance of a pre-
formed association between lipase, colipase, and a micelle dur-
ing lipolysis has been highlighted by the resolution of the
neutron crystal structure of a lipase-colipase-nonionic deter-
gent micelle complex (20). This study has led to a model of the
activation process that involves the unmasking of the active
site of the enzyme in the aqueous phase through the binding of
the micelle to the protein complex (20). Here, we have further
studied the formation of the protein-micelle ternary complex by
a series of experiments carried out in solution with natural
surfactants. PL inhibition by the serine hydrolax-specific in-
hibitor E600 has been combined with small angle neutron
scattering studies on pure micelle, protein, and protein micelle
solutions.

In the absence of any water-lipid interface, we demonstrated
the ability of a series of amphiphilic compounds (NaTDC, long
chain fatty acid, nonionic detergents, and egg lysolecithins) to
activate PL, although at slightly different rates. These com-
pounds possess different chemical structures but form micelles
in solution with radii of gyration that vary from 13 to 27 Å. The
direct involvement of a micelle in PL activation through its
binding to the protein complex in solution was shown by SANS
experiments with D2O/H2O contrast variation performed on
PL-PC solutions and PL-PC-NaTDC solutions. In the presence
of micelles, the radius of gyration of the observed complex and
the match point of the solution are 56 Å and 38.6% D2O,
respectively. Those values are very close to the one calculated
for a model built with a stoichiometry of 2 lipase/colipase mol-
ecules per micelle, which corresponds to the one observed in the
neutron low resolution crystal structure (20). However, this
stoichiometry is likely to result from the very high concentra-
tion of PL and PC used in these experiments. In vivo, a stoi-
chiometry of 1 lipase/colipase molecule per micelle is expected,
based on the physiological concentrations of the proteins.

The requirement of micellar structures for the opening of the
PL flap is further illustrated by the results obtained with
lecithins. Indeed, pure lecithins, which do not form micelles but
rather liquid crystalline bilayers in solution, are unable to
stabilize the enzyme active conformation, as shown by inhibi-
tion experiments. However, the PL inhibition by E600 is re-
stored when NaTDC is added to lecithin solutions. Addition of
bile salts to lecithin solutions has been shown to yield a spon-
taneous vesicle-to-micelle transition, leading to the coexistence
of vesicles and worm-like micelles (30). The vesicle-to-micelle
transition is also likely to occur when lecithin solutions are
mixed with other micelle-forming compounds, such as long
chain fatty acids or lysolecithins, because incubation of PC-PL
with those mixtures leads to the opening of the flap. However,
increasing the lecithin concentration beyond a critical value in
these mixtures induced the reverse transition (micelles to ve-
sicular structures), abolishing the PL activation process.

PL activation by a micelle size-dependent process is further
supported by the results obtained in the case of NaTC solu-
tions. NaTC is poorly efficient in lipase activation (20). Al-
though closely related to NaTDC, NaTC forms smaller aggre-

gates (radius of 8 Å for NaTC, compared to 13 Å for NaTDC).
SANS experiments performed on PC-PL NaTC solutions sug-
gest that NaTC micelles are probably too small to maintain PL
in its open activated conformation by forming a stable ternary
complex.

As a result, the differences observed in the capability of the
micelles to activate PL are related to their size (lower limit
close to 13 Å) or form and to their chemical nature. It must be
pointed out that mixed micelles are more efficient than pure
micelles. This can be correlated with the observation that, in
vivo, mainly mixed micelles enriched in lecithins are present in
the duodenum.

Taken together, these results reinforce the hypothesis of a
micellar activation of PL in the intestine (20). In vitro, in the
absence of bile salt, PL can readily bind the triglyceride water
interface and fully display its activity. In vivo, the physiological
triglyceride vesicles covered by dietary and biliary phospholip-
ids, cholesterol, and bile salts are at equilibrium with smaller
mixed aggregates of micellar size in the aqueous phase (32).
Our results strongly suggest that those physiological mixed
micelles have the suitable size to form a ternary complex with
PC-PL in which the enzyme is maintained, in the aqueous
phase, in its active conformation. This preformed complex be-
haves as an entity that determines lipase adsorption to the
emulsified substrate.
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