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ABSTRACT: Colipase is a key element in lipase-catalyzed dietary lipids hydrolysis. Although devoid of
enzymatic activity, colipase promotes pancreatic lipase activity in the physiological intestinal conditions
by anchoring the enzyme on the surface of lipid droplets. Polarization modulation infrared reflection
absorption spectroscopy combined with Brewster angle microscopy studies was performed on colipase
alone and in various lipid environments to obtain a global view of both conformation and orientation and
to assess lipid perturbations. We clearly show that colipase fully inserts into a dilaurin monolayer and
promotes the formation of lipid/protein domains, whereas in a phospholipid environment its insertion is
only partial, limited to the polar head group. In a mixed 70% phosphatidylcholine/30% dilaurin environment,
colipase adsorbs to but does not penetrate deeply into the film. It triggers the formation of diglyceride
domains under which it would form a rather uniform layer. We also clearly demonstrate that colipase
adopts a preferred orientation when dilaurin is present at the interface. In contrast, at a neutral phospholipid
interface, the infrared spectra suggest an isotropic orientation of colipase which could explain its incapacity
to reverse the inhibitory effects of these lipids on the lipase activity.

Initiated in the stomach through the action of gastric lipase amphipathic, and rather flat protein which lacks extensive
(1), the digestion of dietary triglycerides is completed in the secondary structure. It is made of a central region of two
duodenum through the combined action of pancreatic lipase-sheets held together by disulfide bonds, with four finger-
(triacylglyceride ester hydrolase, EC 3.1.1.3), colipase, and shaped regions connected by typeturns protruding from
bile secretion. In vivo, lipase substrates are presented aghis central region and an N-terminal region with no apparent
emulsified particles, the dietary fat droplets, stabilized by a secondary structure (no electron density in the X-ray
monolayer surface rich in phospholipids, bile salts, and structure) 10—12). Two short stretches af-helical residues
various proteins. Only 4 mole percent, at most, of long chain are observed, one (residues-224) in the first finger
triglycerides are present at the surface of the droglefltis (residues 1423) and the other one in the last finger (residues
pool of interfacial substrate, which could be in dynamic 76—80). The tips of these loops, because of the predominance
equilibrium with the triglyceride core of the droplet, probably of hydrophobic residues, are thought to be devoted to lipid
regulates the lipase activit@), Except for the triglycerides,  binding. In particular, the role of aromatic residues at the
all the surface constituents are known to inhibit lipase activity micelle—colipase interface has been emphasizE®(L5).
in vitro (4—=7) unless colipase is present, mainly by prevent- Colipase binds almost exclusively to the lipase C-terminal
ing lipase adsorption to the interface. Therefore, the primary domain, its plane being rather perpendicular to the lipase
role of colipase in triglyceride hydrolysis is to anchor the p-sheet domain. However, in the structures of the active
lipase to the water/lipid interface in the presence of physi- complex, colipase also interacts with the lipase lid, (12).
ological concentrations of biliary lipids. This interaction stabilizes the lipase lid in the open confor-

Procolipase is a small protein made of 95 amino acids mation, enlarges the hydrophobic patch presumably involved
which has no enzymatic activity of its own. It is rapidly in the interaction of the lipase/colipase complex with the
proteolyzed to a shorter form (colipase) by cleavage of the water/lipid interface, and thus facilitates lipase activity.
Arg5-Gly6 peptide bondd). Itis generally accepted that, at The effect of colipase on lipolysis has been extensively

physiological _pH, the conversion of prqcolipa_se to colipase studied both by monolayer techniqué$,(17) and emulsion

has no functional consequenc®).(Colipase is a small, of short and long chain triglycerided & 19). However,
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redistribution of the lipids in the monolaye2@ 21) which (other fatty acids being minor contributors) and mixed
will favor the binding of lipase. As well, the mechanism by isomers 1,2 and 1,3 dilaurin were from Sigma Aldrich. Lipids
which colipase restores the activity of pancreatic lipase in were purchased as powder and dissolved in chloroform
the presence of biliary lipids remains unclear. In vitro, (CHCI;) from Carlo Erba. The concentration of the lipid
colipase is able to counteract lipase inhibition by bile salts solutions is 1 mg/mL.
but cannot reverse the inhibition by phospholipids unless bile  Colipase Purification.Porcine pancreatic colipase was
salts are present. Moreover, the lipase activity is inhibited purified from a delipidated acetonic pancreatic powder as
by ionic and non-ionic detergents irrespective of their charge previously described29). The protein concentration was
and structure despite the presence of colipds&Z%). Full determined at 280 nm usirig}” = 4.0 (30). The isoelectric
reversal of inhibition requires the presence of bile salts.  pointis 5 £9). The enzyme solutions were freshly prepared
Finally, despite all these studies, the mechanism of action at a concentration of 0.5 mg/mL for PM-IRRAS measure-
of colipase is still not fully understood. In particular, how ments and 2 mg/mL for BAM experiments.
colipase interacts with lipids, its orientation at the water/  Film Formation and Surface Pressure Measurements
lipid interface, and the lipid perturbations induced by colipase Monolayer experiments were performed on a computer-
adsorption remain intriguing questions. controlled Langmuir film balance (Nima Technology, Cov-
As demonstrated in many studie®3¢26), Langmuir entry, England). The rectangular troughi € 60 mL, S =
monomolecular films provide a convenient model to study 105 cn?) and the barrier were made of Teflon. The surface
the properties of surface active proteins at the air/water pressure was measured by the Wilhelmy method using a filter
interface and their adsorption process at a lipid interface. paper plate. The trough was filled with a 10 mM Tris-HCI
Obviously, the model in monolayer is appropriate to deter- buffer pH 7.5, containing 0.1 M NaCl and 5 mM Ca@king
mine the molecular orientations only if the protein interacts ultrapure water (Milli-Q, Millipore). The experiments were
with one half of a membrane in the natural state. Polarization carried out at 25t 2 °C. The pure lipid monolayer was made
modulation infrared reflection absorption spectroscopy (PM- by spreading the lipid at the air/water interface from
IRRAS) is a very useful technique to detect, in situ, proteins chloroform solutions and then slowly compressing from 0
at an air/water interface or inserted in lipid monolayer and mN/m up to 18-20 mN/m. This target pressure corresponds
thus to determine their conformational structure and orienta- to the pressure at which human lipase, the enzymatic partner
tion. Indeed, the amide 1650 cnt') and amide Il £1550 of colipase, displays its higher activity on a dilaurin
cm ) bands of PM-IRRAS spectra are probes for proteins monolayer (personal data). For comparison, the same experi-
since the peptide amide bond is a basic functional group in ments were also performed at a target pressure of 30 mN/m
proteins 27). The shape and position of these bands can bewhich is the pressure observed in biological membranes. All
used to estimate the conformation and orientation of protein the experiments were done at constant target pressure, and
(28). The amide | band is the most sensitive one to evaluatethe area of the trough was simultaneously recorded during
the change in protein conformation and/or orientation at the the injection of the colipase (33 or 40 nM) into the subphase.
water surface. The lipid perturbations induced by the PM-IRRAS SpectroscopPM-IRRAS spectra were re-
adsorption of proteins can also be investigated through corded on a Nicolet Nexus 870 spectrometer equipped with
analysis of the lipid &O stretching band (1730 cr, the a photovoltaic HgCdTe detector (SAT, Poitiers) cooled at
symmetric and antisymmetrie(CH,) groups (2926-2850 77 K. Generally, 300 or 600 scans were coadded at a
cm1), and eventually the polar head group vibrational mode resolution of 8 cm?* for colipase or mixed colipase/lipid
(1230-990 cn1?l). The BAM is a powerful tool for observa-  monolayer, respectively. In short, PM-IRRAS combines FT-
tion of the evolution of a monolayer at the air/liquid interface. IR reflection spectroscopy with fast polarization modulation
It allows visualization of the presence of phase-separatedof the incident beam between parallel (p) and perpendicular
domains at water/lipid interface and thereby the effect of (s) polarization. Two-channel processing of the detected
proteins on the domains formation. signal makes it possible to obtain the differential reflectivity
In this paper, we study the adsorption of colipase at three spectrum:
different water/lipid interfaces: (1) a monolayer of dilaurin,
a diglyceride used as a model lipase substrate; (2ye&PC ARR= (R, — R)/(R, + R)J,
monolayer used as model of biliary lipids (the main
components of the lipid droplet surface); (3) one monolayer To remove the contribution of liquid water adsorption and
of mixed 70%.-a-PC/30% dilaurin (mol/mol) to mimic the  the dependence on Bessel functidpghe monolayer spectra
lipid droplet surface. We combine the two techniques to are divided by that of the subphase. Under this condition,
investigate, for the first time, the structure and the orientation using an incidence angle of 7%ne selection rule appears;
of colipase at the water/lipid interface as well as the lipid- transition moments preferentially oriented in the plane of

induced perturbation. the interface give intense and upward oriented bands, while
perpendicular moments give weaker and downward oriented
MATERIALS AND METHODS bands.
ChemicalsL-a-Phosphatidylcholine from egg yolk with BAM MeasurementsThe morphology of pure lipids or

fatty acid contents of approximately 33% 16:0 (palmitic), Mixed protein/lipid monolayers at the air/water interface were
13% 18:0 (stearic), 31% 18:1 (oleic), and 15% 18:2 (linoleic) Observed using a Brewster angle microscope (NFT 2AMs

Gottingen, Germany) mounted on the Langmuir trough. The

! Abbreviations: L-o-PC, L-a-phosphatidylcholine; PM-IRRAS, MICroSCope was equipped with a frequency doubled Nd:Yag

polarization modulation infrared reflection absorption spectroscopy; 1aser (532 nm, 5_0 mw), polarizer, analyzer, and a CCD
BAM, Brewster angle microscopy. camera. The spatial resolution of the BAM was about?®,
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Ficure 1: Adsorption of colipase at an air/buffer interface. (A) Surface pressanea isotherm of porcine colipase. (B) Stability of the
colipase film at different lateral pressures. (a) 1.1 mN/m, (b) 10 mN/m, and (c) 18 mN/m. (C) PM-IRRAS spectra of colipase (a) 1.1 mN/m,
(b) 10 mN/m, and (c) 18 mN/m. Subphase: 10 mM Tris-HCI buffer containing 100 mM NaCl and 5 mM @idG1.5. [colipase]uphase
= 33 nM.

and the image size 600 450um with x10 lens used. The  water, will rather form a Gibbs monolayer than a Langmuir
BAM images are coded in gray level, which can be calibrated monolayer. The PM-IRRAS spectra below will give comple-
in absolute reflectance. The calibration function is established mentary information.

at each speed of the camera by comparison between the The structure and orientation of colipase at the air/buffer
experimental curve of the gray level as a function of the interface was investigated by PM-IRRAS. Although colipase
incidence angle and the theoretical Fresnel curve on the watecan be considered as a soluble surfactant that may partition
surface. The evaluation of the thickness was obtained usingpetween the interface and the bulk, the bulk concentration
the software included in the BAM instrument. This software of colipase was so weak that the PM-IRRAS measurements
is based on the proportionality relation between the reflec- will be sensitive only to the colipase present at the interface.
tance and the square of the interfacial film thickness when The PM-IRRAS spectra of the colipase film were collected
the optical index of the film is assumed constant. Moreover, at the three different pressures. Since the recording time for
BAM also gives some information on the fluidity of the film  a)| PM-IRRAS spectra were around 300 s, the influence of
in relation with the geometry of the domains observed at the instability of the colipase film at 18 mN/m on the PM-
the water surface. IRRAS spectrum is negligible. As shown in Figure 1C, all
of them displayed two well defined but quite broad amide
RESULTS bands, confirming the presence of the colipase at the interface

Behavior of Colipase at the Air/Buffer InterfacdJpon at all lateral pressures. The intensification of both the amide
injection of Co|ipase (33 nM) in the Subphase, the surface | and Il bands when the lateral pressure increased suggests
pressure slowly increased and reached a constant value of Progressive increase of colipase concentration under the
1.1 mN/m after about 18 min. The mean apparent surface IR beam. However, the intensity of the PM-IRRAS spectra
area of colipase was about 72@/#olecule (Figure 1A), a IS proportional to both the concentration of molecules at the
slightly lower value than the various surface area (750, 890, interface and the orientation function of each vibratior=
1050 A) calculated using the size of the colipase 230 (N/A) x Ni(6), (Ni, molecule number at the area interface
x 35 A) in the lipase/colipase comple81). This discrep-  (A) andF;(6), orientation function). The PM-IRRAS signal
ancy simply results from the partial dissolution of the canbe normalized by multiplying each PM-IRRAS spectrum
colipase in the subphase. Then, the spread colipase monoby its corresponding Ausing the above formula. The PM-
layer was compressed by moving the Teflon barriers to obtain IRRAS signal thus becomes proportional to the orientation
a lateral pressure of 10 mN/m. As shown in Figure 1B, the function and the number of molecules.
colipase monolayer is still relatively stable, with a mean  The secondary structure of colipase at the air/buffer
surface area of 590 #molecule (Figure 1A). By contrast, interface can be estimated from the frequency position and
when the film was further compressed to reach a lateral intensity of the amide bands. Irrespective of the lateral
pressure of 18 mN/m, the film of colipase was not fully stable pressure, the deconvolution of the amide QG stretching)
as revealed by the continuous decrease of the trough area tdand reveals a major contribution afhelix (1656 cnt)
maintain the surface pressure constant (Figure 1B). As well, and random coil (1640 cm) structures and to a lesser extent
the mean surface area of colipase at 18 mN/m decreases fronto 3-sheet (1630 and 1670 ci) (32, 33). As shown in
510 A%molecule to about 489 Zmolecule in 2000 s (Figure  Figure 1C, the global shape of the amide | band remained
1A). The decrease of the apparent molecular area of colipaseunchanged with increasing lateral pressure, which means that
with the surface pressure can result either from a reductionthe secondary structure of colipase is mainly pressure
of the distance between the colipase molecules at theindependent between 1 and 18 mN/m. The amide Il band
interface, a desorption of molecules from the film, or the (coupling of NH bending and CN stretching) was centered
formation of colipase aggregates. However, the relative at 1520 cm?* at 1 mN/m but broadened toward higher
stability of the film at lateral pressure 10 mN/m (Figure 1B) wavenumbers (1540 crf) upon compression of the film.
and the apparent molecular area value closed to those of theMoreover, the amide I/amide Il intensity ratio, which is
crystalline colipase indicate that, at this surface pressure, mosindicative of the protein orientation at an interface, was close
of the protein remains at the air/water interface even if the to 1.1 at all pressures. This value suggests that colipase keeps
equilibrium is metastable. By contrast, at higher lateral the same orientation at all lateral pressures with the average
pressure, a desorption process seems more likely to explairnean axis of the CO amide groups of the various structure
the decrease of the molecular area since colipase, soluble ir(helix, -sheet, random) tilted on the plan@4( 34).
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Ficure 2: Kinetics of colipase adsorption on different lipid
monolayers,IT = 20 mN/m (- - -) pure dilaurin; €) L-a-PC
monolayer, €) mixed 70% L- o-PC/30% dilaurin (mol/mol).
Addition of 33 nM colipase was done at 2600 s for dilaurin, 200
s forL-a-PC, and 4000 s for the mix. Subphase: 10 mM Tris-HCI
buffer containing 100 mM NaCl and 5 mM CadiH 7.5.

Moreover, since the orientation function is almost the same

Lipid Perturbations Induced by Colipase Biochemistry, Vol. 46, No. 51, 200715191
during the colipase film compression, the PM-IRRAS signals
will be proportional only to the number of molecules. Using

the above normalization on the spectra presented in Figure |

1C, the calculation shows that the normalized signals are Figure 3: BAM images of lipid monolayers in the absence or
almost constant at 1.1 and 10 mN/m but slightly decrease atpresence of colipase. A, B, C: dilaurii,= 18 mN/m; D, E: L-a-
18 mN/m. These results indicate that the number of colipase zcoi)HHZ 2128 rrTrLNN//nnqq &)G,ugidﬁgl‘:/r%fl'gf/%?;@ ggaugg' gﬂOV
molecules present at the interface at 1 and 10 mN/m IS 34 6'% 10°5. ®) t = 50 r?ﬂn after coli]oase inje'ction: GL 46:
roughly the same while at 18 mN/m the number of colipase 55— 120; R = 42.9 x 108 (C) t = 25 min after colipase
molecules decreases. This variation indicates that the reducinjection: GL= 33; 0S= 120;R= 43.9x 10 (D) L-a-PC; GL
tion of the apparent surface area of colipase with the surface= 65; OS= 50; R = 58.3 x 1078, (E) t = 23 min after colipase
pressure is likely due to a condensation of the colipase atigjfc_tiggi e a5 PR 1_0185 (F) Mz‘ed ipids;
10 mN/m and a partial desorption at 18 mN/m. injection; GL= 40; OS= izS;Rz's(g.zs X 105 () t = 28 min
Kinetics of Colipase Adsorption at Different Lipid Inter-  after colipase injection; Gl= 39; 0S= 120; R = 55.5 x 108,
faces.Colipase adsorption on the three types of buffer/lipid Subphase: 10 mM Tris-HCI buffer containing 100 mM NaCl and
interfaces was investigated at a constant lateral pressure op mM CaC} pH 7.5. [Colipase]ispnase= 14 NM; GL = gray level;
20 mN/m. As shown in Figure 2, the kinetics of adsorption ©S= obturation speed? = reflectivity. The scale bar in image
were different depending on the lipid species present at the's 87um and s appropriate for all images.
interface, and the recording times depend upon the areaat 6000 s, a stabilization of the adsorption process was still
through stabilization. not reached. At this stage, the global increase (9%) of the
Injection of colipase under a dilaurin interface induced trough area, intermediate between 420(PC) and 18%
an 18% global increase of the trough area (Figure 2a). A (dilaurin), suggests that the insertion of colipase is not as
two-step process was observed with a rapid increase of thedeep as that observed with dilaurin. The mixed-PC/
surface pressure resulting in the opening of the barriers todilaurin monolayer is stable as compared to the dilaurin
maintain constant pressure, followed by a slower process.monolayer, which means that there is no spontaneous
This relatively high increase indicated a deep insertion of condensation of the lipids.
colipase into the dilaurin monolayer. Figure 2a also dem- BAM Study of the Morphology of Mixed Colipase/Lipid
onstrates an instability of the pure dilaurin film as revealed MonolayersThe morphology of lipid alone and mixed lipid/
by the decrease of the trough area before colipase injectioncolipase monolayer was investigated by BAM at constant
(0—1000 s). Such a profile suggests that dilaurin molecules |ateral pressure of 18 mN/m for dilaurin andx-PC/dilaurin
at this temperature have a natural propensity to form monolayer and 22 mN/m for-o-PC. BAM images were
aggregates. acquired as a function of time before and after injection of
By contrast, adsorption of colipase to efw-PC mono- colipase beneath the different lipid monolayers. As shown
layer resulted in a progressive and rather weak increase ofin Figure 3A,D,F, the BAM images of the lipid monolayers
the trough area (Figure 2c). This relative area increase (4%)differed according to the lipid species. Witho-PC and 70%
was significantly lower than that observed with dilaurin L-0-PC/30% dilaurin (Figure 3D, F), the lipid monolayer was
(18%). This means that colipase does not fully penetrate thein a homogeneous liquid condensed phase. With dilaurin
L-a-PC monolayer and that the insertion is partial, probably (Figure 3A), some bright spots, characteristic of a phase
at the polar head group level. separation of the lipids with condensed domains, were
The profile of the adsorption kinetic at a mixed 70%- observed. These BAM images of the dilaurin monolayer
PC/30% dilaurin (mol/mol) was somewhat different from confirmed the propensity of dilaurin to form aggregates as
those obtained with dilaurin ara-PC. Indeed, the presence suspected from the decrease of surface pressure observed in
of colipase induced only a slow and weak increase of the Figure 2a.
trough area (Figure 2b). The adsorption process is much When colipase was injected underneath the dilaurin
slower than that observed with the dilaurin monolayer, and monolayer, the bright spots observed with dilaurin alone
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grow in size with time (Figure 3B,C). A progressive increase —~ go A100 B
of the average normalized reflectivity was observed, a 2 sole —
behavior characteristic of lipid regions more concentrated <= d

in colipase (Figure 3B,C). The average gray level reflectivity, 60—

PM-IRRAS signal (x1
N O & O
o O O O

and thus reflectance, increased from 3:3407 to 12.7 x 40}
107 in the less bright domains and to 171107 in the 20lb
brighter zones (Figure 3A,B). With time (Figure 3C), the M ___/'\
reflectance of the brighter aggregated domains was %9.6 10 oi

10°7. From these data, the thickness of the dilaurin monolayer 20 1 1 1
(Figure 3A) was estimated to 13 A using the BAM software 2925 2850 1800 1770 _11740 1710
and a refractive index of 1.43 for liquid expanded phase. cm cm

With the same refractive index, the increase of thickness in FIGURE4: Normalized PM-IRRAS spectra of the lipid perturbations

: : : nduced by colipase in interaction with a dilaurin monolayiér=
the aggregated domains in the presence of colipase wa§ZO mN/m.y(A)vF():Hz region (2850-2050 em; the spectraﬁwere

estimated to vary from 10 to 14 A in Figure 3B and from  gjyided by that of the subphase.)(®=0 ester band vibration
14 to 16 A in Figure 3C. We can notice that these increases(1700-1800 cnt?): the spectra were divided by that of the pure

were smaller than the minimal dimension of colipase £25  lipid. (a) dilaurin monolayer, (b = 7 min after colipase injection,
30 x 35 A)_ (c) t =24 min, (d)t = 49 min, (e)t = 82 min. [Colipase]pphase—

. . 33 nM; subphase: 10 mM Tris-HCI buffer pH 7.5 containing 100
With L-a-PC, no condensed domains were observed UpON M Nacl and 5 mM CaGl

colipase injection, even after a long time (Figure 3E).
However, the average reflectivity increased from 58807 injection during the kinetic of adsorption. The perturbation
to 11.1 x 1077. This change is characteristic of both an induced by the adsorption of colipase on the lipids was
average thickness and refractive index increase at theinvestigated using the PM-IRRAS spectrum of the subphase
interface consecutive to colipase adsorption. Using the BAM as standard.
software and refractive indexes of 1.45 and 1.47 forPC PM-IRRAS measurements of dilaurin monolayetrat
and colipase, respectively, the thickness of the layers was20 mN/m showed vibration bands at 2852, 2921, and 1727
estimated at 14 A for the-o-PC monolayer and 18.5 Ain cm due to thev(CHy)sas and ¥(C=0) ester stretching
the presence of colipase. These values are in agreement witlvibrations, respectively (Figure 4Aa, Ba). Injection of
a slight insertion of colipase in the phospholipid monolayer. colipase under the dilaurin monolayer induced a clear
As shown in Figure 3G and 3H, a clear change in the perturbation of the lipid chain. The intensity of th€CH,)s as
morphology of the mixed 70%-a-PC/30% dilaurin mono-  stretching bands at 2852 cfhand 2921 cm® decreased
layer was observed upon colipase addition, with the appari- (Figure 4A) and a shift toward the higher wavenumbers
tion of bright condensed domains, similar to those observed (2921-2924 cnmt; 28522853 cn1') was noted for both
in the case of dilaurin and colipase. The reflectivity increased v(CH,) bands. These two phenomena are actually connected
from 5.7 x 107"to 21.5x 10 7in the less bright condensed since an increase in the proportion of gauche conformation
domains and to 50.8 10 7 in the brighter zones. From these increases the average tilted angle of the acyl chains which,
data, the thickness of the layers was estimated to 13 A forin turn, decreases the PM-IRRAS signal of the Gidsorp-
the mixed.-a-PC/dilaurin monolayer, 24 A for the less bright  tion (24). The(C=0) ester band showed few perturbation
colipase/lipid domains, and 37 A for the brighter zones using soon after colipase injection (7 min), but with time this band
a refractive index of 1.45 for the mixed lipids. The thickness slowly increased and appeared positive relative to the
of the brighter domains (37 A) is equivalent to the dimen- baseline, suggesting a change in the orientation of t:©C
sions of colipase (25 30 x 35 A), suggesting that, in these  ester groups (Figure 4B). From the selection rule of PM-
aggregates, a monolayer of colipase is formed under thelRRAS (see Materials and Methods), we can deduce that
lipids. If we correlate these results to those observed with the G=O lipid groups tend to be preferentially in the
L-a-PC and dilaurin, we can propose that the condensedmonolayer plane. Moreover, the shift of thé€C=0) ester
domains are made of colipase and dilaurin molecules becausdand toward the higher frequencies (1729 énis indicative
no aggregates have been observed with-PC in the of the dehydration of the carbonyl group with a decrease in
presence of colipase. the proportion of hydrogen-bonded carbonyl.
Colipase-Induced Lipid Perturbations by PM-IRRARId TheL-o-PC monolayer is characterized by bands at 2854,
perturbations induced by protein adsorption can be conve-2922, 1730, 1090 with a shoulder at 1060 ¢érand 1224
niently monitored through the frequency of th€CH,)s as cm ! due to thev(CHy)sas ¥(C=0) ester and (P9O)s.as
stretching vibrations, characteristic of the acyl chain con- groups, respectively (Figure 5Aa, Ba, Ca). As observed with
formation. It is now well known that values lower than 2850 dilaurin, the intensity of the(CH,)s .sbands (2854 and 2922
cm * for v(CHy)s and 2920 cm for »(CH,)asindicate chains  cm™) progressively decreased with time (Figure 5A) after
with rather high conformational order whereas values higher injection of colipase beneath thex-PC film. The 2854 cmt
than 2850 and 2920 crhindicate the presence of gauche band slightly shifted toward higher frequencies (2855%m
bonds 85). Moreover, the frequency of the lipid=€0 ester indicating an increase in gauche conformation which thus
gives information on the water accessibility of this functional gives a more fluid lipid layer. The perturbation induced by
group. The frequency of the maximum slightly decreases colipase adsorption on th€dC=0) ester band at 1730 crh
when this group is more accessible to water to form hydrogen (Figure 5B) was very low, but a slightly negative band can
bonds. be noted with a shift toward higher frequencies (17339m
The PM-IRRAS spectra were recorded at 20 mN/m for This suggests an interaction between colipase and-the
each type of monolayer and at different times after colipase PC molecules, which induces a change in the orientation of

o
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Ficure 5: Normalized PM-IRRAS spectra of the lipid perturbations at the interface was studied using the PM-IRRAS spectrum

induced by colipase in interaction with.ao-PC monolayer]T = of lipid alone as the standard.
20 mN/m. (A) vCH, region (2856-2950 cnt?). (B) C=O ester As shown in Figures 7AC, in all cases, the presence of

band vibrations (17081800 cnr); the spectra were divided by ¢qjinase was confirmed by the amide signals. However, the
that of the pure lipid; (C)(PO; ) region. For Aand C, the spectra diffeprence in the relativeyintensities 019 the Iamide ba,nds
were divided by that of the subphase. (a)x-PC monolayer, (b) i k
= 34 min after colipase injection, (¢}= 84 min. [Colipase] sphase suggests a lower amount of colipase present at the mixed
= 33 nM; subphase: 10 mM Tris-HCI buffer pH 7.5 containing phospholipid/dilaurin interface as compared to that present

100 mM NaCl and 5 mM CagGl at the dilaurin interface.

the lipid chain near the ester group. However, the main _The spectra of colipase under the dilaurin monolayer
changes occurred in the 1100200 cn! region, charac-  (Figure 7A) are very different from that of colipase at the
teristic of the P@" region (Figure 5C). While in the absence  air/buffer interface atr = 18 mN/m which displays two well-

of colipase the [10601090 cnt!] and 1224 cm? contribu- defined amide | and Il bands centered at 1656 and 1540
tions were somewhat similar, the adsorption of colipase onto €M *, respectively. This means that the protein is likely to
the L-a-PC monolayer induced a broadening of the 1060 adopt a different structure and orientation during its adsorp-
1090 cnt! contribution toward lower frequencies and a shift tion on d_|Iaur.|n. At the beglnnlng_of the adsorption process
of the 1224 cm'® band toward lower frequencies (1220 ON the dilaurin monolayer, the signals of both the amide |

0
o
5

PM-IRRAS signal(x10°)
>

a 0

cm™). Moreover, with time, the 10601090 cni? band, and Il were weak and the bands were not well defined. With
characteristic of the PO symmetric stretch, became pre- time, the amide | band became predominant with a positive
dominant. contribution around 1670 cm characteristic, most of the

The PM-IRRAS spectrum of the mixed 70%x-PC/30% time, of 8-turn structures and a negative contribution centered
dilaurin monolayer displayed bands at 2854, 2922, 1733, & 1620 cmi* characteristic of an antiparallgtsheet. The
1227, and 1089 with a shoulder at 1061 ¢roorresponding  intensification of these two contributions with time is
to the ¥(CHa)s.as ¥(C=0) ester, and PO groups, respec-  correlated with the progressive increase of colipase concen-
tively (Figure 6Aa, Ba, Ca). In the(CH,)s s region, the tration under the IR beam. The negative contribution
spectra were very similar to that of the lipid mix alone Observed for the amide I band around 1620 ésuggests,
(Figure 6A), except for a shift of the 2854 cfnband to ~ Pased on the PM-IRRAS selection rule, that the@amide
lower frequencies (2851 cr¥). This shift is indicative of a  direction of the antiparallgi-sheet chains should be mainly
conformational ordering of the lipid acyl chains induced by Perpendicular to the plane of the interface. Broadening of
the presence of colipase. As previously observed with the the 1620 cm?* band toward lower wavenumbers is a spectral
L-o-PC monolayer, the adsorption of colipase at the interface Modification that can be produced by perturbation of the
of the monolayer did not induce any significant perturbation interfacial water. Concomitantly, a progressive disappearance
of the C=O ester band (Figure 6B). As for-a-PC ~©f the amide Il band is observed.
monolayer, the most important perturbations were observed As well, colipase at the-a-PC interface displayed a PM-
in the PQ~ region (Figure 6C). While the 1090 crh IRRAS spectrum different from that observed at the air/buffer
contribution (PGQ~ symmetric stretch) was predominant in interface, indicating that the protein does not have the same
the mixed lipid monolayer spectrum, the adsorption of conformation (Figure 7B). At 34 min time of adsorption, a
colipase resulted in an inversion of the relative band unique, nondefined band centered at about 1630'ds
intensities since the 1227 crhband (PG~ antisymmetric visible, indicating the presence of antiparallgisheet
stretch) became predominant with time. The frequency structures. With time, the spectrum changed and displayed
position of this band remained almost the same, which a broad amide | band centered around 1650'cend an
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Ficure 6: Normalized PM-IRRAS spectra of the lipid perturbations induced by colipase in interaction with a-@9P€/30% dilaurin
monolayer.IT = 20 mN/m. (A) vCH, region (2856-2950 cnt?). (B) C=0 ester band vibrations (176A800 cnt?l); the spectra were
divided by that of the pure lipid. (Cy(PO,”) region. For A and C, the spectra were divided by that of the subphase. (a) Mixed lipid
monolayer, (b) 22 min after injection of colipase, (c) 45 min. [Colipagghse— 40 nM; subphase: 10 mM Tris-HCI buffer pH7.5 containing
100 mM NaCl and 5 mM CagGl
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amide Il band centered at 1540 cinThese band shapes such as phospholipids, fatty acids, and lipase substrates. A
and the amide | position were characteristic of both great deal of information has been obtained by Brockman
disordered angb-sheet structures. Moreover, the intensity and co-workers who studied the interaction of colipase with
ratio () of the amide I/amide band-l.6) is close to the  various lipid monolayers in different conditions (pH, salt

value obtained for isotropic proteins in solutio28). All concentration)Z0, 36, 37). They analyzed the lipid composi-
these observations (broad band andalue) suggest that tion dependence of colipase adsorption and showed that
colipase interacts with a nonpreferred orientation to_tle colipase exhibits a clear specificity for interface containing

PC interface. The presence of colipase at the interface oflipolysis reactants (fatty acids, tri- and diacylglycerd@py.
the mixed 70%.-o-PC/30% dilaurin is confirmed by the  Lipid—colipase nanodomains made of one colipase molecule
amide contributions (Figure 7C) where the amide | band is and 20 to 30 reactant acyl chairg8[ would then be formed
centered at 1633 cm, characteristic off-sheet structures.  at the interface. By contrast, phospholipids, in particular their
Moreover, the shoulder at higher frequency can be assignechydrated polar head, would rather act as sites preventing
to the random coil structure. During the adsorption time, we colipase adsorption. As well, they have shown that lipolysis
observed a very significant increase of the amide Il band reactants (diglyceride or fatty acid) also decreased the
intensity centered at 1530 crhrelative to the intensity of colipase adsorption rate when 1-stearoyl-2-oleoyl-sn-glycero-
the amide I. As a consequence, the amide I/amide Il intensity 3-phosphocholine (SOPC) is preseBT) One explanation
ratio on the final spectrum is low and close to 1. Taking given for this observation is that SOPC and the reactants
into account the selection rule of the PM-IRRAS, this form dynamic complexes which, as for SOPC alone, preclude
indicates that thg-sheet structures are oriented with theC  ¢olipase binding%7). Thus, by controlling the concentrations
O of the amide groups largely out of the interface plane.  of these lipids at its vicinity, colipase would regulate the
The same experiments were performed at a lateral pressureoncentration of lipase at the interfa®§6). Using colipase
of 30 mN/m (Figure 8). In the case of pure lipids, the colipase adsorption as a model, Sugar et 89)(elaborated a model,
is still present at the interface but at a lower concentration the free-area model, in which parts of the hydrocarbon tails
as revealed by the weak band intensities on the PM-IRRAS of the phospholipids could become exposed when their
spectra. By contrast, the presence of colipase was notspecific area increased, thus forming the hydrophobic area
detectable at the mixed dilaurinfa-PC interface at such  (headgroup free) to which colipase will bind preferentially.

lateral pressure. In this work, we have combined for the first time both
PM-IRRAS and BAM approaches to visualize the impact
DISCUSSION of colipase on different monolayers and to study its orienta-

One of the main functions of colipase is to facilitate the 10N In situ.
lipase-catalyzed lipid hydrolysis by anchoring the lipase at  Colipase Structure at the Air/Buffer Interfac&he be-
the lipid droplets interface coated with biliary lipids. This havior of colipase at the air/water interface was investigated
implies for both proteins an ability to interact with lipids to obtain a global picture of the conformation and orientation
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of colipase at a hydrophobic/hydrophilic interface. The acyl chains, inducing an increase in gauche conformation
adsorption isotherm shows that, although colipase is a waterresulting in a more tilted average angle of the carbon chains.
soluble protein and will rather form a Gibbs monolayer than In the condensed domains, colipase interacts with the lipid
a Langmuir monolayer, it displays a good affinity for the C=O ester groups which are likely orientated in the
air/water interface and that adsorption of colipase at the air/ monolayer plane and with the acyl chain via hydrophobic
water interface does not cause its denaturation, as previouslyinteractions. The domains observed in the BAM images result
reported by Momsen et al3§). At all pressures tested (1, from those interactions. Moreover, a dehydration of the
10, and 18 mN/m), the colipase keeps almost the samecarbonyl group of dilaurin is observed in agreement with
structure, with a major contribution @f-helix andj-sheet Sugar et al.41) who suggest that diacylglycerols form, at
structures. Interestingly, the three-dimensional structure of an interface, transient, partly dehydrated clusters which act
colipase reveals only two shanthelical stretchesl(, 12), as sites for the initial binding of colipase to the interface.
one of them being observed only in the presence of lipase The two-step adsorption observed in the kinetic can be
and amphipathic compounds in the crystallization medium. correlated to the PM-IRRAS spectra of the colipase. The
From the amide l/amide Il intensity ratial,(1), which evolution of the PM-IRRAS spectra of the colipase with time
remains roughly the same at all pressures, we can deduceis also really specific and indicates a progressive change in
from our previous work Z4), that colipase also keeps the the colipase orientation at the dilaurin interface, since the
same orientation with the average mean axis of the amideamide | and Il bands, positive at the beginning of the
group includingoa-helical structure tilted at~40° to the adsorption process, change to give a negative amide |
normal at the interface. Analysis of the colipase film stability component and a weak amide Il at the end of the adsorption.
upon compression reveals that the film is rather stable up toThe main structural elements of colipase involved in the
10 mN/m but becomes unstable at 18 mN/m. This observa- interaction with dilaurin molecules af&turns and antipar-
tion, correlated to the fact that colipase retains the sameallel 3-sheet structures preferentially orientated out of the
orientation, strongly suggests that colipase has a propensityplane. This behavior is different from that observed at the
to form condensed phase at the interface between 1 and 1Gir—water interface. It should be mentioned that the pos-
mN/m, but at higher pressure (18 mN/m), a desorption sibility of an aggregation of colipase under the lipid
process is more likely. monolayer should also be considered since the 1620 cm
Since colipase is devoted to interact with biliary and contribution has also been assigned by some authors to
dietary lipids, it was relevant to study its secondary structure intermolecular hydrogen-bond¢tsheets 42, 43).
and its orientation at water/lipid interfaces as well as the Colipase in an.-a-PC Ervironment: Lipid Perturbation
impact of its adsorption on the lipids. Lipids mimicking the and Colipase Orientation.n an L-a-PC environment,
lipids found at the surface of the dietary lipid droplet surface colipase behaves differently. The small but continued
were used in this study-o-PC was used for mimicking the  increase in lateral pressure in the course of colipase adsorp-
biliary phospholipids which mainly consist of phosphatidyl- tion is the sign of a progressive but partial insertion of
choline @0) and mixed isomers 1,2 and 1,3 dilaurin to mimic colipase. In contrast to what was observed with dilaurin, this
the lipase substrate. A mixeda-PC/dilaurin monolayer  partial insertion does not result in the formation of lipid or
containing 30% of dilaurin was also used as model of the lipid/colipase aggregates as revealed by the absence of bright
lipid droplet surface. The PM-IRRAS investigations were spots on the BAM images. However, the significant increase
combined with BAM to also analyze the morphology of lipid in the luminosity of the images and the PM-IRRAS spectra
and mixed colipase/lipid monolayers. The BAM images confirms the presence of colipase at the-PC interface.
reveal that, while the-a-PC and 70%-a-PC/30% dilaurin The main lipid perturbations observed upon colipase adsorp-
monolayers are in a homogeneous liquid condensed phasetion are located in the region characteristic of the polar head
the dilaurin monolayer is heterogeneous with the presencegroup (1256-800 cnt?), supporting the idea of a partial
of small domains, indicating that dilaurin molecules tend to insertion of colipase restricted to the polar head of the
spontaneously form condensed domains. The kinetics of phospholipids. The changes in the PQegion reveal that
colipase adsorption clearly show that colipase displays acolipase interacts with these groups via hydrogen bodis (
different behavior depending on the lipid species present at45), and that these interactions induce a reorientation of the
the interface. PO,~ group. The structure of colipase also evolved with time.
Colipase Structure at a Dilaurin Interface and Lipid- At first, antiparallel 5-sheets seemed to be the major
Induced PerturbationsColipase penetrates deeply into a structural elements involved in the interaction with the
dilaurin film and promotes the formation of protein/lipid phospholipids. Then, the width and position of the amide |
domains as visualized on the BAM images. This is a feature band were consistent with the predominant contribution of
specific to colipase since no increase of the number andrandom coil structures in the-a-PC/colipase interaction.
thickness of dilaurin aggregates was observed when lipaselnterestingly, the broad band shape and the amide I/amide
was injected in the subphase (data not shown). The estimated! intensity ratio close to 1.7 indicates a quasi-isotropic
thickness of the domains lower than the minimal dimension orientation of colipase at the interface. This latter result is
of colipase (20x 30 x 35 A) confirms the insertion of  of particular interest since Ayvazian et &0f have shown
colipase and suggests that the protein is either dispersedhat colipase presumably functions by controlling the proper
among the dilaurin molecules or surrounds the aggregates.orientation of the active ternary complex (lipase/colipase/
From the unique PM-IRRAS spectral shape of colipase, it micelle) at the oi-water interface. An isotropic orientation
is clear that the protein adopts a peculiar orientation under could explain why colipase is not able to counteract the
this lipid monolayer, even if we cannot describe it precisely. inhibitory effect of phospholipids on the lipase activity, thus
Insertion of colipase disturbs the organization of the lipid reinforcing the idea that colipase requires a precise and
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peculiar orientation at the lipid interface to properly function. 1/amide Il ratio is around 1.7. In our case, the amide I/amide
It must be pointed out, however, that the isotropic orientation 1l ratio is equal to 0.93, and the best fit to the simulations
is a global image of the protein orientation which does not corresponds to an average tilt of°6&nd 45 for the G=0
exclude that some structural elements, such as those interactamide group and the peptide chains, respectively.
ing with the polar head of the lipid, maintain a preferential  We also looked at the colipase adsorption at a lateral
orientation toward the lipid interface. pressure of 30 mN/m, which is thought to coincide with the
Structure and Orientation of Colipase at a Mixed 70% lateral pressure in the membrane {32 mN/m) @6). It
L-a-PC/30% Dilaurin InterfaceTo investigate the behavior  clearly appears that colipase is still present at the lipid
of colipase in a more physiological environment, we used a interface in the case of pure lipids (dilaurin angx-PC)
mixed 70%L-a-PC/30% dilaurin (mol/mol) monolayer to  although at a lower amount than at 20 mN/m. Our results
mimic the surface of the lipid droplets. It is interesting to with L-a-PC monolayer are in discordance with those of
note that despite the presence of dilaurin which, alone, Momsen et al. Z0) who showed that colipase adsorption is
spontaneously forms aggregates, the mixed film is stable andfully inhibited at surface pressure above 24 mN/m. This
displays a homogeneous surface with no bright spots, discrepancy could be explained by a difference of sensitivity
characteristic of miscible lipids in a liquid condensed phase. of the techniques used. Momsen and co-workers used surface
The presence of colipase induces a reorganization of thepressure techniques which are very sensitive for insertion
resulting film visualized by the BAM images which clearly or desorption processes but fail to detect a protein adsorbed
show that colipase triggers the formation of bright domains just underneath the surface. By contrast, no colipase was
or aggregates with a thickness of 24 to 37 A. The fact that detected at the mixed dilaurinfa-PC interface at 30 mM/
no aggregation was observed witl-PC supports the idea  m. This would mean that dilaurin molecules are no longer
that the bright domains are mainly formed by colipase and available to bind colipase and that the phosphate groups
dilaurin molecules which means that colipase recruits dilaurin display an orientation unfavorable to colipase adsorption. To
molecules. The estimated thickness of the more condensedxplain this behavior at this lipid ratio and lateral pressure,
domains (37 A) which is equivalent to the dimensions of one can propose that the polar heads-of PC are likely to
colipase (25x 30 x 35 A) strongly supports that colipase spread out at the water/lipid interface, giving a peculiar
does not insert into the dilaurin molecules as with the pure orientation of the phosphate groups and shielding the dilaurin
diglyceride but rather forms a uniform monolayer under the molecules.
aggregates. The-o-PC molecules appear totally excluded In conclusion, combining PM-IRRAS and BAM studies
from these domains. These results are in agreement with theallow us to determine for the first time the orientation and
colipase specificity for lipolysis reactants described by structure of colipase at different water/lipid interfaces and
Brockman et al. Z0) and with the lateral redistribution of to demonstrate the lipid perturbations induced by its adsorp-
diglycerides proposed by Sugar et 87). One surprising tion. We show that dilaurin, a lipase model substrate, and
feature is that colipase adsorption to the mixed monolayer colipase have a natural propensity to segregate and form
induces perturbations on the lipid acyl chains opposite to aggregate or domains at the air/water interface. Mixed
those observed with dilaurin alone since a conformational together both molecules will interact to form larger domains
ordering of the acyl chains is observed. The effect observedin which colipase is not uniformly distributed. We also show
in the region of the P@ asymmetric stretch (12201250 that colipase partially penetrates inta-PC monolayer but
cm™Y) contribution, a frequency sensitive to ion binding and/ with a nonpreferred orientation. This nonspecific behavior
or hydration, means that adsorption of colipase also inducescould be responsible for its inability to restore lipase activity
a reorientation of the PO group, which becomes more inthe presence of phospholipids. At a mixed-PC/dilaurin
exposed to the solvent. However, the fact that the bandinterface, colipase also triggers the formation of dilaurin
frequency is almost the same during colipase adsorption givesclusters excluding the-o-PC molecules but does not really
evidence that colipase does not interact strongly with- interact with either lipid species. Colipase adsorbs to the
PC. From the PM-IRRAS spectra of colipase, the structural resulting dilaurin aggregates with a specific orientation but
elements involved in the colipase/lipid interactions are mostly does not penetrate deeply into the lipid monolayer.
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