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ABSTRACT. Five key amino acid residues from human pancreatic lipase (HPL) are mutated in some
pancreatic lipase-related proteins 2 (PLRP2) that are not reactivated by colipase in the presence of bile
salts. One of these residues (Y403) is involved in a direct interaction between the HPL C-terminal domain
and colipase. The other four residues (R256, D257, Y267, and K268) are involved in the interactions
stabilizing the open conformation of the lid domain, which also interacts with colipase. Here we produced
and characterized three HPL mutants: HPL Y403N, an HPL four-site mutant (R256G, D257G, Y267F,
and K268E), and an HPL five-site mutant (R256G, D257G, Y267F, K268E, and Y403N), in which the
HPL amino acids were replaced by those present in human PLRP2. Colipase reactivated both the HPL
Y403N mutant and HPL, and Y403 is therefore not essential for lipaskpase interactions. Both the

HPL four-site and five-site mutants showed low activity on trioctanoin, were inhibited by bile salts (sodium
taurodeoxycholate, NaTDC) and were not reactivated by colipase. The interfacial binding of the HPL
four-site mutant to a trioctanoin emulsion was suppressed in the presence of 4 mM NaTDC and was not
restored by addition of colipase. Protein blotting/protein overlay immunoassay revealed that the HPL
four-site mutant-colipase interactions are not abolished, and therefore, the absence of reactivation of the
HPL four-site mutant is probably due to a lid domain conformation that prevents the interfacial binding
of the lipase-colipase complex. The effects of colipase were also studied with HRL)( an HPL mutant
showing an 18-residue deletion within the lid domain, which therefore has only one colipase interaction
site. HPL{lid) showed a low activity on trioctanoin, was inhibited by bile salts, and recovered its lipase
activity in the presence of colipase. Reactivation of HPlid) by colipase was associated with a strong
interfacial binding of the mutant to a trioctanoin emulsion. The lid domain is therefore not essential for
either the interfacial binding of HPL or the lipaseolipase interactions.

Human pancreatic lipase (HPL) alone is inactive in vitro contact with the interface, where a drastic change occurs in
on an emulsified triglyceride substrate in the presence of the conformation of the lid domain, a surface loop controlling
supramicellar concentrations of bile salts such as those foundthe access of substrate to the active site. As the result of
in the small intestine. Bile salts are amphiphilic molecules this structural reorganization, the N-terminal part of colipase
that bind to the oi-water interface and prevent pancreatic binds to the lid domain, thus forming a second lipase

lipase adsorption, and thus lipolysis, from occurridg ). colipase interaction site. The open lid and the extremities of
The inhibition by bile salts can, however, be reversed by the colipase fingers, as well as t[#8 loop (L0), form an

the specific pancreatic lipase cofactor colipake3(-5), via impressive continuous hydrophobic plateau extending over
the formation of a specific 1:1 lipase&olipase complexq). more than 50 A, which might be able to interact strongly

The structures of the HPEporcine procolipase complex  with a lipid/water interface. All these events are schematically
have shown how the colipase anchors the lipase to an inter-depicted in Figure 1.
face in the presence of bile salt, @. Colipase is an am- On the basis of recent neutron diffraction data obtained
phiphilic protein with a “three finger” topology comparable  \yith the porcine pancreatic lipaseolipase-tetra(ethylene
to that of snake toxins7( 9). The tips of the fingers contain glycol) monooctyl ether complex, it was recently proposed
most of the hydrophobic amino acids and form the interfacial jy Hermoso et al.1(1) that the activation of pancreatic lipase
binding site. Colipase binds to the noncatalytic C-terminal g ot interfacial under in vivo conditions and that the opening
domain of pancreatic lipase and exposes the hydrophobiCyf the |id domain may occur in “solution” via the formation
tips of its fingers at the opposite side of its lipase-binding of 5 specific ternary complex including lipase, colipase, and
site. These hydrophobic tips probably help to bring the j pjle salt micelle. Hermoso et al. stated that colipase and
catalytic N-terminal domain of pancreatic lipase into close e distal part of the lipase C-terminal domain were the
exclusive sites for interaction with a detergent micelle in their
TThis research was carried out with financial support of the crystal structure. In the structural study at 2.46 A resolution
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AR Several novel pancreatic lipases have been isolated from
mammals during recent years, and the pancreatic lipase
family now falls into three subgroups with roughly 70%
amino acid identity: (i) classical pancreatic lipases, (ii)
pancreatic lipase-related proteins 1 (PLRP1), and (iii)

D Colipase-HPL T Lideoore pancreatic lipase-related proteins 2 (PLRP2D)( This
interactions interactions classification was further justified by the biochemical
including R256-Y267 i ati ;

RESYAGS D257-K268 characterization of these novel proteirisl( 29. All the

PLRP2s characterized to date show atypical enzymatic
behavior in comparison with the classical pancreatic lipases.
They display not only triacylglycerol lipase activity but also
phospholipase Aand galactolipase activities. In addition, it
has been demonstrated with trioctanoin as substrate that
colipase does not reactivate the lipase activity of the PLRP2s
from guinea pig (GPLRP2) or coypu (CoPLRP2) in the
presence of bile salts above their critical micellar concentra-
tion (cmc) @1).

The lack of colipase effect on GPLRP2 probably results
from several key mutations: among the 12 residues in the
HPL C-terminal domain involved in colipase binding, nine
differ in GPLRP2 23). Moreover, no interaction between
colipase and the lid domain can occur because GPLRP2
possesses a “minilid” domain consisting of 5 amino acid
residues instead of 23 in HP24).

In CoPLRP2, a full-length lid domain is present and the
reason colipase has no effects in the presence of suprami-
N-terminal cellar bile salt concentrations is not clear. Almost all the

domain residues involved in the interaction with colipase are
Ficure 1: Diagram of the pancreatic lipaseolipase interactions Conserv_eq in both the C-terminal ‘_joma',” and the BQ.( .
and adsorption of the complex at a lipidvater interface. E and ~ One striking exception, however, is residue 403, which is
E* denote the pancreatic lipase in the bulk phase and the interface,conserved in the form of a tyrosine in all the classical lipases
respectively. The capital letters indicate the interactions between put differs in all the RP2 lipases. As mentioned previously,
ltgg;"(jB‘;'ot’Qg"l? d"’:j”gn:g%F:;r?ée(':glfsarge('?&')tg%g‘:hiol?gzgeagggﬁﬁmal Y403 interacts with colipase via several van der Waals
domain and colipase (D). Upon the ope’ning of the lid domain, the contacts in the HPl:CphpEiSG pomplex?(, 13, a”‘?' It was
5 loop also changes its conformation, forming the oxyanion hole, suggested that the point mutation of residue 403 in CoPLRP2

C-terminal
domain

and the hydrophobif9 loop is unmasked. might lead to a lower affinity for colipase28). Another
hypothesis was that the lid domain of CoPLRP2 may possess
phobic plateau consisting of the lid domain, tb@ loop, a higher degree of freedom and that the interactions between

and the hydrophobic tips of colipase, thus mimicking the the lid and colipase were weakened if not completely
interaction between the lipaseolipase complex and the abolished. This hypothesis resulted from the finding that the
lipid/water interface. interactions stabilizing the open conformation of the lid
Colipase interacts with the C-terminal domain of pancre- domain in HPL cannot exist in CoPLRP2 or in some other
atic lipase, mainly via polar interactions (two salt bridges members of the PLRP2 subfamily (Figure 2). In HPL, the
and six hydrogen bonds), but the stacking of the R65 open lid domain interacts with the core of the protein via a
guanidinium group from colipase with the Y403 aromatic salt bridge (D257#K268) and a hydrogen bond (R256
ring from lipase might be one of the main components of Y267). In the PLRP2 subfamily, these residues are almost

the apolar interaction between lipase and colipaselg). all different, whereas they are completely conserved in the
The surface involved in the interaction between the pancreaticclassical pancreatic lipases.
lipase C-terminal domain and colipase is 612 iA size. The finding that colipase had no effects on GPLRP2 and

Upon the opening of the lid domain, three additional CoPLRP2 was initially taken to be a general characteristic
hydrogen bonds and several van der Waals contacts areof PLRP2s 21), but this idea was subsequently challenged
formed between N240, S243, and V246 from lipase and E15,by Jennens and Lowe}) in the case of the rat PLRP2,
L16, and R38 from colipase. The total surface of interaction which has also been named GP-3. Colipase was found to
between lipase and colipase increases up to 9%50+338 increase the lipase activity of GP-3 on tributyrin, trioctanoin,
A?). The affinity of lipase and colipase has been reported to and triolein. The effects of colipase were not, however, as
be low in solution [(+-2) x 1 M~ (6, 14)] but to increase  clear-cut as in the case of the classical pancreatic lipase, since
by several orders of magnitude in the presence of lipids or the lipase activity of GP-3 was not inhibited by bile salts in
amphiphiles [2x 10'— 1 x 10° M1 (15—18)]. It is difficult, the absence of colipasgh).

however, to determine what the intrinsic affinities may be  In the present study, we investigated whether the five
because the constants mentioned above were determined imutations of residues 256, 257, 267, 268, and 403 might be
a heterogeneous system and are therefore only apparentesponsible for the lack of the colipase effects observed in
values (9). some PLRP2s. We produced and characterized three HPL
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B5-loop
I N 1
CoPLRP2 HGFI |[D|NGE [F4 D
GPLRP2 HGFT |D| SGE f S
PLRP2 |zpLrP2 HGFL |D|KAE Y S
MPLRP2 HGFI |D|KGE [E|G
RPLRP2 HGFI |D|KGE B} G
79 83
HPL HGFI |[D|KGE |E| N
PPL HGFI |[D|KGE |E| D
. HoPL HGFI |D| KGE |E| S
Classical RbPL HGFT |[D|KGE |E| N
PL RPL HGFI |[D|KGE |E| N
GPL HGFI |D|KGE |E| N
CoPL HGYI |D|KGE |[E| N .
(I P Protein core
I S 1 I
CoOPLRP2 CEKNIISTIVDVNGFﬁEGI [JE] 22c NHMRS [Y J°F YY
GPLRP2 CRTGI---------- -|---]- -]--sc NHERS [lEH YY
HPLRP2 CKKNVLSTITDIDGI|W | ECGI [FKN Fvsc NHLRS Bl YY
MPLRP2 CQRNILSTIVDINGI|W|EGT [R |\ FAAC NHLRS |[Y K|YY
RPLRP2 CQKNILSTIVDINGI|W|EGT |JRM FVAC NHLRS |Y K|YY
252 256/257 267/268
HPL CKKNILSQIVDIDGI|W|EGT |R D|FAAC NHLRS |Y K|YY
PPL CQKNILSQIVDIDGI|W|EGT |R D|FVAC NHLRS |Y K|YY
HoPL CQOKNVLSQIVDIDGI |W|QGT |R D|{FAAC NHLRS |Y K|YY
RbPL CQKNVLSQIVDINGV|W|EGT |[R D|FVAC NHLRS |Y K|YY
RPL CRKKNALSQIVDIDGI|W|SGT |R D|FVAC NHLRS |{Y K|YY
GPL CQKNILSQIVDIDGI|W|EGT |R D|FAAC NHLRS |Y K|YY
CoPL %?KNIISQIVDINGI W|EGT |[R D FAAﬁ ﬁHLRS Y K|YY
— —
; : | —— -
Lid domain -————77"7"7"7"7""=-

FiGure 2: Interactions stabilizing the open conformation of the lid domain. A partial alignment of the amino acid segifelu®p(and

lid domain) of classical pancreatic lipases and PLRP2 is shown. The results of the X-ray crystallographic study of-tioelidBte-

mixed micelle complex§) showed that the open lid domain interacts with the core of the protein via a salt bridge{K268) and a
hydrogen bond (R256Y267). In the PLRP2 subfamily, these residues are almost all different, whereas they are completely conserved in
classical pancreatic lipases. The lid domain also interacts witlf$Heop via a salt bridge (R256D79) and a hydrogen bond (W252

E83). Here again, most of these residues are different in the PLRP2 subfamily.

mutants: HPL Y403N, a HPL four-site mutant (R256G, supplier (New England Biolabs). DNA sequencing was
D257G, Y267F, and K268E), and a HPL five-site mutant performed by means of the dideoxynucleotide chain-termina-
(R256G, D257G, Y267F, K268E, and Y403N), in which the tion method 80) with the Sequenase version 2.0 DNA
HPL amino acids were replaced by those present in humansequencing kit (Amersham Life Sciences).
PLRP2 at the same position80]. The three mutants were Site-Directed Mutagenesi®?oint mutations were per-
expressed in insect cells and purified to homogeneity prior formed by the PCR overlap extension technic® @1 with
to being characterized with trioctanoin emulsions as the internal oligonucleotides carrying the specific mutations and
substrate. The inhibition by bile salts, the colipase depen- two external oligonucleotides corresponding to tharid 3
dence, and the interfacial binding of the three mutants were ends of HPL cDNA, respectively. PCR reactions were carried
measured and compared to those of an HPL mutant [HPL- out with Pfu DNA polymerase (Stratagene).
(—lid)] possessing a large deletion within the lid doma&ig)( (A) HPL Y403N MutantThe first PCR reaction was
and hence only one site of interaction with colipase. carried out with HPL cDNA in pVL1392 as the template
and primers 1 and 4 (Table 1), for 30 cycles of 1 min at 94
MATERIALS AND METHODS °C, 2 min at 50°C, and 3 min at 72C. The second PCR
DNA Source and Manipulationstlhe cDNA encoding reaction was carried out with HPL cDNA in pVL1392 as
HPL was obtained from human placenta mRNA by PCR the template and primers 2 and 3 (Table 1), for 30 cycles of
technology based on the complete sequence of HPL, includ-1 min at 94°C, 2 min at 50°C, and 3 min at 72C. The
ing the leader sequenc7. A 1411 bp BanmH|I DNA third PCR ligation-amplification step was carried out with
fragment containing the entire HPL coding region was the products of PCR 1 and PCR 2 as the templates, and
subcloned into theBamHI site of the pVL1392 vector  primers 1 and 2 for 30 cycles of 1 min at 9&, 2 min at 50
(Invitrogen). ABanHI/Xhd DNA fragment including HPL °C, and 3 min at 72C. To check the mutation, a neMdd
cDNA was also subcloned into the pIC19R vect8)( All restriction site was introduced into HPL cDNA by primers
plasmids were produced and amplifiedEscherichia coli 3 and 4. The PCR3 product was digesteddd, and the
after electroporation of ElectroMAX DH10B cells (Life resultingXhd/Xhd DNA fragment (584 bp) containing the
Technologies). Plasmid DNAs were isolated frdn coli mutation was substituted for the homologous fragment in
cultures by the alkaline lysis procedu9) and purified by the pIC19R vector containing the original HPL cDNA.
use of the Wizard DNA purification system (Promega). Several clones were screened to check thatdhd/Xhad
Digestion with restriction enzymes and ligation with T4 DNA insert was properly oriented, and one of them was further
ligase were performed as recommended by the enzymesequenced to check that only the desired mutation was
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Table 1: Primers Used for PCR Mutagenésis
no. primer sequences and comments

1 CCC ACA GGG GGA TCC GCT CGG CAT, sense primer annealing to HPL cDNén8,BanH|

2 GGA TCA CTC GAG TCA GCA GGG TGT, antisense primer annealing to HPL cDNangi, Xhd

3 AAATTC ATA TGG AAT AAC AAT GTG ATC, sense primer corresponding to the peptide KNMNVI and encoding the
Y403N mutationNdd

4 GTT ATT CCATAT GAATTT AAC CAT CTG, antisense primer corresponding to the peptide QMVKRNM/and encoding the

Y403N mutationNdd
5 GAA GGG ACTGGA GGC TTT GCG GCC TGT AAT CAC TTA AGA AGC TTC GAA TAT TAC ACT GAT, sense primer
corresponding to the peptide EGGFAACNHLRSFEYYTD and encoding the R256G, D257G, Y267F, and K268E mutatiBatg|
6 AGT GTAATATTC GAA GCT TCT TAA GTG ATT ACA GGC CGC AAA GCC TCC AGT CCC TTC CCA, antisense primer
corresponding to the peptide WEGGFAACNHLRSFEYYT and encoding the R256G, D257G, Y267F, and K268E mutatiBai|
7 C ATT GGC CACGGC CTG GGT GC, sense primer corresponding to the peptidédBBIA and encoding the S152G mutation
8 GC ACC CAG G GTG GCC AAT G, antisense primer corresponding to the peptideGGBA and encoding the S152G mutation

a Point mutations are shown in boldface type. Restriction sites are underlined.

introduced by PCR. From the latter clone in pIC19R, an (26, 32. The pVL1393 baculovirus tranfer vectors containing
EcoRI/Bglll DNA fragment including the entire coding the mutated HPL cDNAs were used for the cotransfection
sequence was subcloned into the pVL1393 baculovirus of Sf9 insect cells§podoptera frugiperdawith the linearized
transfer vector. genomic DNA from Autographa californicabaculovirus
(B) HPL Four-Site Mutant (R256G, D257G, Y267F, and (AcMNPV from the BaculoGold transfection Kit, Pharmin-
K268E).The first PCR reaction was carried out with HPL gen). The Sf9 cells were grown in monoloyers at°Z7in
cDNA in pVL1392 as the template and primers 1 and 6 tissue culture flasks, using TNM-FH medium (Sigma)
(Table 1) for 30 cycles of 1 min at 94C, 2 min at 50°C, supplemented with 10% fetal calf serum (Bio-Whittaker) and
and 3 min at 72C. The second PCR reaction was carried 1% of an antibiotie-antimycotic solution (Gibco BRELife
out with HPL cDNA in pVL1392 as the template and primers Technologies) containing 10 000 units/mL penicillin G,
2 and 5 (Table 1) for 30 cycles of 1 min at 8¢, 2 min at 10 000ug/mL streptomycin, and 2bg/mL amphotericin B
50 °C, and 3 min at 72°C. The third PCR ligation (Fungizone). With each mutant, the insect cell cotransfection
amplification step was carried out with the products of PCR was performed with kg of linear AcCMNPV DNA and 3
1 and PCR 2 as the templates and primers 1 and 2 for 30ug of the recombinant pVL1393 mixed with cationic
cycles of 1 min at 94C, 2 min at 50°C, and 3 min at 72 liposomes and added to a 60 mm Petri dish containing 2
°C. To check the mutation, a neBsBlI restriction site was 10° Sf9 cells grown in TNM-FH medium. The culture
introduced into HPL cDNA by primers 5 and 6. BanHl/ supernatants were collected after the lysis of all the cells
Xhd DNA fragment (1411 bp) from the PCR 3 product was (approximately 7 days postinfection) and were used as the
cloned into the pIC19R vector for sequencing and introduc- primary stocks of the recombinant baculoviruses expressing
tion of new restriction sites§mad, Bglll) at the cDNA 3 HPL mutants. An additional stage of cell infection was
and 3ends, respectively. After the digestion by endonu- performed to amplify the viruses and generate the high-titer
cleases, th&mad/Bglll DNA fragment (1420 bp) was further  virus stocks (10-10° plague-forming units (pfu)/mL of
subcloned into the pVL1393 baculovirus transfer vector.  culture) required for the recombinant protein production. The
(C) HPL 5-Site Mutant (R256G, D257G, Y267F, K268E, virus titers were estimated by the end-point dilution assay
Y403N).From the pIC19R vector containing the cDNA of method as previously described3. The production of the
the HPL Y403N mutant, aXba/Bglll DNA fragment (373 HPL mutants was carried out with another cell line from
bp) containing the single mutation was substituted for the Trichoplusia nj grown in a monolayer up to & 10’ cells/
corresponding fragment of the HPL four-site mutant (R256G, 175 cn? culture flask, in 25 mL of EX-CELL 400 medium
D257G, Y267F, and K268E) in pVL1393. (Valbiotech) supplemented with 0.5% of the previously
(D) HPL S152G Mutant.The first PCR reaction was mentioned antibiotie-antimycotic solution. An inoculum of
carried out with HPL cDNA in pVL1392 as the template each recombinant baculovirus encoding an HPL mutant was
and primers 1 and 8 (Table 1) for 30 cycles of 1 min at 94 added to the cell culture at a multiplicity of infection of
°C, 2 min at 55°C, and 3 min at 72C. The second PCR around 10 pfu/cell. Six hours postinfection, the culture
reaction was carried out with HPL cDNA in pVL1392 as supernatant was removed by aspiration and replaced by 25
the template and primers 2 and 7 (Table 1) for 30 cycles of mL of fresh EX-CELL 400 medium. The baculovirus-
1 min at 94°C, 2 min at 55°C, and 3 min at 72C. The infected insect cell cultures were harvested 3 days after the
third PCR ligation-amplification step was carried out with infection in order to prevent any intracellular proteases
the products of PCR 1 and PCR 2 as templates and primergeleased upon cell lysis from degrading the recombinant
1 and 2 for 30 cycles of 1 min at £, 2 min at 50°C, and protein.
3 min at 72°C. The PCR 3 product was digested Rgd Purification of HPL Mutants.The HPL mutants were
andSpé, and the resultindNcd/Spé DNA fragment (1022 purified by the one-step procedure previously developed for
bp) containing the mutation was substituted for the homolo- the purification of HPL expressed in insect ce2). With
gous fragment in the pVL1392 vector containing the original each mutant, the culture medium was centrifuged at 10 000
HPL cDNA. rpm for 10 min and the supernatant was lyophilyzed for 24
Production of HPL Mutants in the Baculious Expression h. The dry material was dissolved in a few milliliters of
System.Recombinant baculovirus production and HPL distilled water and dialyzed overnight against 10 mM MES
mutant expression were performed as previously describedbuffer, pH 6.5. Prior to chromatography, the solution was
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run through a 0.&m Millipore filter. By FPLC (Pharmacia), = desorption from the oitwater interface, gum arabic was
cation-exchange chromatography was performed on a Monoadded to stabilize the emulsion and a simple decantation was
S HR 5/5 column equilibrated in 10 mM MES buffer, pH performed instead of centrifugation, to reduce the coales-
6.5. After injection of each sample, a linear NaCl concentra- cence. The highest concentration that could be used without
tion gradient was applied from 0 to 100 mM NaCl, within affecting HPL activity on trioctanoin was 0.4% (w/v) gum
60 min. The flow rate was adjusted to 1 mL/min. The protein arabic.

elution profile was recorded spectrophotometrically at 280  The final binding assay was performed as follows: a pH-
nm and the lipase activity was measured potentiometrically stat vial thermostated at 3T was filled with 500uL of

in all the fractions collected by the pH-stat technique with trioctanoin (puriss grade from Fluka) and 14.5 mL of 0.28
tributyrin as the substrate (see Lipase Activity MeasurementsmM Tris-HCI buffer, 150 mM NaCl, 1.4 mM Cagl and
section). The main fractions containing lipase activity were 0.4% gum arabic, containing either 0.5 or 4 mM NaTDC.
subjected to SDS12% PAGE analysis34), and those  The vial was placed on the automatic titrator (TTT 80
displaying a single protein band at 50 kDa were pooled and Radiometer, Copenhagen, Denmark) and its contents were
concentrated. The protein concentrations were estimated bystirred mechanically for 5 min in order to obtain a fine
performing amino acid analysis as well as a specific HPL trioctanoin emulsion and to monitor the pH value at 7.5 by
ELISA (see ELISA for Measuring HPL S152G Concentra- addition of 0.1 N NaOH. When required, colipase at a molar
tions section). excess of 5 (1&g, 1000 pmol) was added during this 5-min

N-Terminal Amino Acid Sequencingo check that the  period. The lipase (18g of HPL, 200 pmol) was then added
cleavage of HPL signal peptide had occurred appropriately, to the emulsion, and after 2 min of incubation, the contents
and to ensure that no proteolytic degradation had taken place of the pH-stat vial were transferred into a puncturable<25
samples of the purified HPL mutants were subjected to 64 mm centrifuge tube (Beckman Ultra-Clear), which was
automated Edman degradation using an Applied Biosystemskept on the bench fol h in order to obtain a satisfactory
Model 473 A gas-phase sequencer. The resulting phenyl-phase separation. After creaming, the oil droplets accumu-
thiohydantoins were identified by performing HPLC on a lated at the top of the tube and a clear sampteInL) of
C-18 Brownlee column (xm, 2.1 mmx 220 mm). the aqueous phase was recovered by introducing & G.8

Mass DeterminationThe HPL mutants were analyzed by mm needle equipped with a 5-mL syringe into the bottom
electrospray mass spectrometry (ESMS) on an API Ill LC/ of the tube. The amount of lipase remaining in solution was
MS/MS system (Perkin-Elmer Sciex Instruments, Thornhill, determined by measuring the residual lipase activity from
Canada) as described previously in the case of the recom-an aliquot of this clear aqueous phase with tributyrin as the
binant HPL 32). substrate, with colipase in excess, as well as the lipase assay

Lipase Actiity MeasurementsThe lipase activity of the  buffer required to obtain a final reaction volume of 15 mL.
HPL mutants was assayed in bulk by measuring the releaseNaTDC was added to the assay buffer so that its final
of free fatty acids from mechanically stirred emulsions of concentration in the 15-mL sample/buffer mixture was 0.5
either tributyrin or trioctanoin (puriss grade from Fluka). By mM and the maximum specific activity of HPL was reached
use of a pH-stat (TTT 80 Radiometer, Copenhagen, Den-[12 500 1U/mg B2)].
mark), the free fatty acids were automatically titrated with ~ Similar experiments were carried out with several HPL
0.1 N NaOH at a constant pH value of 7.5. Each reaction mutants (HPL S152G, 10g; HPL(-lid), 40 ug; HPL four-
was performed in a thermostated vessel {@J containing site mutant, 5Q:g) and a colipase molar excess of 5. The
0.5 mL of substrate and 14.5 mL of 0.28 mM Tris-HCI buf- amounts of the mutants remaining in solution were estimated
fer, 150 mM NacCl, and 1.4 mM Caglas well as a variable by ELISA in the case of HPL S152G (see below) or by
concentration of sodium taurodeoxycholate (NaTDC). When measuring the residual lipase activity in the case of HPL-
required, pure colipase from porcine pancreas was added af—lid) and HPL four-site mutant. The two latter mutants were
a molar excess of 5. The lipolytic activities are expressed both assayed with trioctanoin as the substrate (specific
here in international units (IU)/mg of enzyme. One unit activities 550 and 500 1U/mg, respectively, at 0.5 mM
corresponds to kmol of fatty acid released per minute. NaTDC).

Binding of HPL and HPL Mutants to Trioctanoin Emul- Before each experiment, the pH-stat vial was washed
sions.The interfacial binding of HPL was assayed by mixing successively with acetone, ethanol, and Milli-Q water in order
the enzyme with a trioctanoin emulsion formed in a pH-stat to remove any trace of surface-active compound that might
vial and by further measuring the lipase activity remaining modify the emulsion stability.
in the water phase after the separation of the oil phase. A ELISA for Measuring HPL S152G Concentrations.
similar procedure was first described by Borgstraising double sandwich ELISA was performed to measure the
tributyrin emulsions that were separated from the water phaseamount of HPL S152G remaining in the aqueous phase
by low-speed centrifugation (1200 rpm) for short periods of during the interfacial binding experiments. Rabbit anti-HPL
time (10 min) (). With trioctanoin, it was difficult to achieve  polyclonal antibodies (pAb) were purified as described by
complete phase separation at low speeds and short periodéoubala et al. 85 and used as capture antibodies. The
of centrifugation. A gradient of oil droplets was observed, detector antibody was a mouse anti-HPL monoclonal anti-
the size of which increased toward the upper end of the body (mAb 146-40), which was produced and biotin-labeled
centrifuge tube. The droplets coalesced at the surface, wheras previously described$, 36§. Each well of a 96-well
a pure oil phase formed. A clear isotropic water phase was microtitration plate was filled with 5@L of anti-HPL pAb
obtained only at high speeds and/or long centrifugation times, solution at 5ug/mL (250 ng/well). The plate was kept at 4
and a complete coalescence of the oil occurred. Since a°C overnight and washed twice with PBS (phosphate-
drastic decrease in the specific surface might favor the lipasebuffered saline; 10 mM N&PO/KH,PO, and 150 mM
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NaCl, pH 7.4) containing 0.05% (v/v) Tween 20 (washing constructed by superimposing the open 3D structure of HPL
buffer). Each well was then filled with 20QL of PBS (8) on the 3D structure of the N-GPLRP2/C-HPL chimera
containing 3% (w/v) nonfat dry milk (saturating buffer). The (10). Both structures belong to thef hydrolase fold family
plate was incubated at 3T for 2 h and washed 3 times for  (39) and are very similar, except that the chimera possesses
5 min with the washing buffer. After saturation and washing, an identical short lid domain (C237-K-T-G-I-S-C) to that
50 uL of standard HPL solutions, ranging from 0 to 10 ng/ introduced into HPL{Iid), instead of the large-sized lid
mL, were added to the first 8-well row of the plate, whereas domain that exists in HPL2g). Starting from the open 3D
similar standard HPL S152G solutions were added to the structure of HPL as the template, 18 residues (2207)
second row. The other rows were filled with HPL S152G were deleted from the lid domain, and the. @oms from
samples at various dilutions (1/100 to 1/800). The plate was the remaining lid residues (C237-K238-K239/F258-A259-
incubated at 37C for 1 h and washed 3 times for 5 min  A260-C261) were fitted by torsion onto theaGatoms of

with the washing buffer. Each well was then filled with 50 the minilid of the N-GPLRP2/C-HPL chimera. We checked
uL of anti-HPL mAb 146-40 biotin conjugate at 0.2&)/ that the dihedral angle values of the new lid backbone fell
mL (12.5 ng/well). The plate was incubated at &7 for 1 within the Ramachandran plot and a new peptide bond was
h and washed 3 times for 5 min with the washing buffer. created between K239 and F258. Four side chains were then
Each well was then filled with 5Q:L of streptavidin- mutated (K239T, F258G, A259I, and A260S) and adjusted
peroxidase (Sigma) diluted with washing buffer at 1/1000. by torsion. The final model was obtained after local
The plate was incubated at 3T for 45 min and washed 3  refinement of the lid stereochemistry. The water-accessible
times for 5 min with the washing buffer. Each well was then surface of the HPL{lid) model was calculated by use of
filled with 50 uL of the peroxidase substrate solutiom ( the DSSP optiord0) in the Turbo-Frodo software program.
phenylenediamine from Sigma) and the plate was kept in

the dark at room temperature for 15 min. The reaction was RESULTS

stopped by adding 5L of 0.5 M H,SO,, and the optical
density at 492 nm was measured immediately with a
MR5000 Dynatech spectrophotometer.

Protein Blotting/Protein @erlay ImmunoassayPorcine
procolipase (2Qg) was dot-blotted on a PVDF membrane.
The membrane was incubated fb h atroom temperature
with PBS (see the ELISA protocol above) containing 0.05%

o (R256G, D257G, Y267F, K268E, and Y403N). With HPL
\(/:IIQIS) ;Vgﬁggég ?gg ﬁﬁt(:(v)/c\)/r)nBtig'pz:Ztﬁ?éu\r/\?iiﬁdomzzmr?\Ir\jlme cDNA as the template, the three mutated DNA constructs

Tris-HCI buffer, pH 7.5, 150 mM NaCl, 1.4 mM CaChnd were obtained by the PCR overlap extension mett81) (

4'mM NaTDC, containing either iM HPL or HPL mutants and further subcloned into baculovirus expression vectors

The membrane was further washed with the same Tris-HCl for production of the corresponding recombinant proteins in

Design, Expression, Purification, and Structural Analysis
of the HPL MutantsTo determine whether residues 256,
257, 267, 268, and 403 are directly or indirectly involved in
the HPL—colipase interactions, three HPL mutants were
designed: HPL Y403N, an HPL four-site mutant (R256G,
D257G, Y267F, and K268E), and an HPL five-site mutant

buffer and the immunodetection of the lipasmlipase insect cells. )

complex was performed with an anti-HPL polyclonal anti-  1he three HPL mutants were secreted into the culture

body as previously describe@7). medium of insect cells with yields ranging from 10 to 40
Monolayer ExperimentBy use of the monolayer tech- M9 of recombmant protein/L. Due to the fact that the insect

nique, the kinetics of the adsorption of HPL and HPL) cells were grown in a serum-free medium, each HPL mutant

were studied by recording the changes with time in the Was the main protein present in the culture medium, as shown
surface pressure of a monomolecular film of egg phosphati- PY SPS-12% PAGE analysis (data not shown). Each mutant
dylcholine (PC) spread at the awater interface in a  Was purified to homogeneity by a single step of cation-
cylindrical Teflon trough (volume 5 mL, surface area 72bm exchange chror_natography as previously descnbe_d in the case
The surface pressure was measured by the Wilhelmy method®f the recombinant HPL3@) or other pancreatic lipase
with a thin platinum plate (perimeter 3.94 cm) attached to Mutants 26).
an electromicrobalance (Beckman LM 600). The trough was ~ After being purified, the HPL mutants were subjected to
filled with 10 mM Tris-HCI buffer (pH 8.0), 100 mM NaCl,  N-terminal amino acid sequence analysis, which confirmed
21 mM CaC}, and 1 mM EDTA, and the monolayer was that all three mutants were produced in their mature forms
spread with various volumes 10 uL) of a 1 mg/mL PC and that their HPL signal peptides were correctly cleaved.
solution in chloroform. Once the initial surface pressure had The first 15 amino acid residues in each sequence [KEV-
stabilized, the lipase (6g) = colipase (1xg) was injected  (C)YERLG(C)FSDDS] were found to be identical to those
into the aqueous subphase, which was stirred for 30 s at 2500f the mature HPLZ?7). In each case, the presence of a single
rpm with a magnetic rod in order to homogenize the aqueous amino acid sequence and the results of the mass spectrometry
phase. The increase in the surface pressure was then recorde@nalysis (see below) ruled out the possibility that any
for 60 min. To study the effects of colipase on the lipase proteolytic degradation of the recombinant protein migh have
adsorption, lipase and colipase were premixed at a 1:1 molaroccurred.
ratio before being injected into the aqueous subphase. We The molecular mass of each mutant was determined
checked that sequentially injecting colipase first and lipase experimentally by electrospray mass spectrometry (Table 2).
second yielded similar results. In each case, the experimental mass was about 1000 Da
Modeling of HPL{lid) and Calculating the Water Ac-  greater than the theoretical mass of the polypeptides. A
cessible SurfacesBy use of the Turbo-Frodo software similar result was previously obtained with the recombinant
program 88), a 3D model of the HPLflid) mutant was HPL produced by insect cell82), and it was observed that
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Table 2: Mass Spectrometry Analysisf HPL Mutants inhibited HPL Y403N mutant at high bile salt concentrations
(Figure 3C), whereas no reactivation by colipase was

ﬁﬁggriﬁ’itc'gf experimental deviation from observed with either the HPL four-site or five-site mutant
mutant mass (Da)  mass (Da) theory (Da) (Figure 3B,D) at bile salt concentrations above the critical
HPL Y403N 29 471 50 475 10 1004 micellar concentration (22 mM). An important point worth
HPL tetramutant 49 348 50 372 10 1024 mentioning is the 10-fold decrease in the maximum specific
HPL pentamutant 49 299 50 3#.10 1012 activities recorded with the HPL four-site and five-site
a Matrix-assisted laser desorption ionization spectrometry was Mutants (around 600 IU/mg at 0.26.5 mM NaTDC +
performed. colipase) in comparison with those of HPL and HPL Y403N

(6000-7000 1U/mg).
a short glycan chain was linked to the single N-glycosylation  In similar experiments performed with tributyrin as the
site of HPL (N166). The molecular mass of this glycan chain substrate (data not shown), a similar absence of the effects
(1038 Da) corresponded to twd-acetylglucosamine, three  of colipase on the HPL four-site and five-site mutants was
mannose, and one fucose residues, as determined by carbabserved. The maximum specific activities recorded (400
hydrate analysis. A short glycan chain of this kind is 600 IU/mg at 0.250.5 mM NaTDC+ colipase) were 20
classically observed with recombinant proteins produced by times lower than those recorded with HPL Y403N and HPL
insect cells 41). (10 500-12 500 IU/mg).

Using PCR technology, we also produced an inactive HPL ~ With trioctanoin as the substrate, a 10-fold decrease in
mutant (HPL S152G) in which the active-site serine residue the lipase activity was also observed with the HPL§)
was replaced by a glycine residue. This mutant was used asnutant (Figure 3E) in comparison with HPL (Figure 3A).
a control in the study on the binding of HPL to triglyceride Addition of colipase was found to produce a partial
emulsions. The choice of the S152G substitution was basedreactivating effect (Figure 3E), contrary to what was observed
on sequence comparisons between HPL and the nonenzywith the HPL four-site and five-site mutants (Figure 3B,D).
matic yolk proteins (YP2 and YP3) fronbrosophila A similar reactivation of a minilid lipase by colipase was
melanogaste(42). The HPL S152G mutant was expressed previously observed with the GPLRPRIPL chimera £6).
and purified under the experimental conditions previously Interfacial Binding of HPL and HPL Mutants on a
described in the case of HPBZ). Trioctanoin EmulsionLike long-chain triglycerides, which

To study more closely the role of the lid domain in the are the natural substrates of pancreatic lipase, pure trioctanoin
HPL—colipase interactions and the interfacial binding, we is completely insoluble in water. The products of trioctanoin
also produced the HPL(id) mutant, the expression and lipolysis are partly soluble in water, however, and they do
biochemical characterization of which were described in a not remain at the oitwater interface upon lipolysis. As a
previous studyZ6). This lid deletion mutant was obtained consequence, one can expect the interfacial “quality” and
by replacing the full-length lid domain of HPL by the minilid hence, the lipase adsorption process to remain unchanged
domain of GPLRP2 (5 amino acid residues instead of 23 in upon lipolysis until the specific surface (surface per volume
HPL) (24). HPL(—lid) still displays a significant level of  unit) of the trioctanoin emulsion has been greatly reduced.
activity toward triglycerides and does not show any inter-  Interfacial binding experiments were performed with two
facial activation 26). Based on the 3D structures of the open different bile salt concentrations: 0.5 mM NaTDC, which
HPL—colipase complexg) and the GPLRP2HPL chimera is the optimum concentration for measuring HPL activity
(10), a 3D model of HPL{lid) was constructed and found  without any absolute requirement in colipase (Figure 3A),
to have an active site that was directly accessible to theand 4 mM NaTDC, which completely inhibits HPL in the
solvent. Thes5 loop of HPL(Ilid) was modeled under the  absence of colipase (Figure 3A). Similar conditions were
conformation yielding the oxyanion hole, which is observed used with the HPL mutants (see Figure 3). The lipase and
in the 3D structures of both the open HPL and the GPLRP2 the trioctanoin emulsion were incubated for 2 min in a pH-
HPL chimera with a shortened lid domaibQj. Due to the stat vial to monitor the initial lipolysis and to check the en-
large deletion occurring within the lid domain, no interaction zymatic activity, and then the mixture was transferred to a
between the lid and the N-terminal end of colipase is puncturable plastic tube for decantation. One hour later, after
possible. Several hydrophobic amino acid residues surround-complete phase separation, a sample of the clear water phase
ing the active site, mainly within th85 and$9 loops, are  was collected and the residual lipase activity remaining in
exposed to solvent, as in the case of the open structure ofsolution was measured. By using the same procedure without
HPL (Table 3). The overall hydrophobic surface of the HPL- the emulsion, we checked that the recovery rate of HPL from
(=lid) is smaller, however, than in the open HPL, due to the solution (15 nM HPL) was 98.3% 6.4% within an 8-h
the lid deletion (844 vs 14627 Nevertheless, the hydro-  period. The loss of HPL due to nonspecific adsorption onto
philic/hydrophobic balance of HPH(id) was found to be the glass or plastic vials was therefore negligible.
intermediate between those of the open and the closed HPL The results obtained with HPL are shown in Figure 4. At
(Table 3). 0.5 mM NaTDC, 25.8%t 5.6% HPL remained in the water

Effects of Bile Salts and Colipase on the Lipolytic Aityi phase in the absence of colipase. The interfacial binding was
of HPL Mutants.The effects of sodium taurodeoxycholate almost complete (only 3.4% 1.1% HPL remaining in
(NaTDC) on the activity of HPL Y403N and HPL four-site  solution) when the colipase was added. At 4 mM NaTDC, a
and five-site mutants were investigated in the presence orstrong desorption of HPL from the interface was observed,
absence of colipase, with trioctanoin as the substrate (Figuresince 87.6%t 2.2% HPL was recovered in the water phase.
3). As established previously in the case of HPL (Figure 3A), The anchoring effects of colipase were also clearly observed,
colipase also restored the catalytic activity of the bile salt- since only 9.0%+ 0.2% HPL remained in solution when
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Table 3: Water-Accessible Surfaéexf the Surface Loops Surrounding the Active Site of HPL and HRid)®

closed HPL open HPLicolipase) HPLEIid)
C 370 (35) + 21 (89) + 749 (lid) = 1140 110 65) + 29 (89) + 400 (lid) = 539 186 (35) + 24 (39) + 237 (lid) = 447
S 157 35) + 159 (39) + 388 (lid) = 704 115 B5) + 264 (39) + 141 (lid)= 520 125 $5) + 259 (39) + 239 (lid) = 623
H 57 (85) + 246 (39) + 497 (lid)= 800 154 35) + 545 (39) + 763 (lid) = 1462 151 65) + 526 (39) + 167 (lid) = 844
HLB 2.30 0.72 1.27

a\Water-accessible surfaces are given in square angstfadmsy the 35 loop (residues 7584), 39 loop (residues 203223) and the lid domain
(residues 237261) have been included in the calculations. The water-accessible surfaces of the open HPL have been calculated in the presence of
colipase to take into account the interaction between the lid domain and colipase. The residue classes are indicated by the letters C (charged; R, D,
E, H, and K), S (semipolar; Q, G, N, C, S, and T) and H (hydrophobic; A, F, I, L, M, P, V, W, and Y). HLB is the hydrophilic/lipophilic balance
and is defined by the (G S)/H ratio.

800 the emulsion, as well as by an acidification of the reaction
mixture. A significant volume of the oil phase was still
recovered after the 1-h phase separation period, confirming
a partial lipolysis.

No significant differences were observed between HPL-
(—lid) and HPL (Figure 4), except at 0.5 mM NaTDC
without colipase, where the interfacial binding of HPL(
lid) was slightly higher than that of HPL [13.9% 1.3%

] : HPL(—lid) remaining in solution vs 25.8% 5.6% HPL].
(D) HPL 5-site mutant

sooo4 (€ HPL Y403N mutant | 4 The HPL four-site mutant was able to bind efficiently to

. the trioctanoin interface at 0.5 mM NaTDC, both with and
without colipase (10.5% 0.9% and 7.8%t 0.7% remain-
ing in solution, respectively). The anchoring effects of
colipase were, however, completely abolished at 4 mM
NaTDC where 94.0%- 1.2% HPL four-site mutant was still
recovered from the water phase after the addition of colipase
b o (Figure 4).
+s000 Lipase-Colipase InteractionsTo check whether the HPL
mutants were interacting with colipase in the presence of
bile salts, we performed a set of experiments in which
colipase was dot-blotted onto a PVDF membrane and was
overlaid either by HPL or by each HPL mutant. The
formation of the lipasecolipase complexes was further
revealed by use of HPL polyclonal antibodies. HPL, HPL
Y403N, and HPL four-site and five-site mutants, as well as
Lo HPL(—lid), were all found to bind colipase in the presence

Y a0 e e of 4 mM NaTDC (Figure 5). Similar results were obtained

in the absence of bile salts (data not shown).
Ficure 3: Effects of bile salts and colipase on the lipase activity ; i
of HPL, HPL mutants, and CoPLRP2 with trioctanoin as substrate. We performed a doseresponse study of colipase addition

The asterisks give the lipolytic activities in terms of the initial with HPL Y403N' HP_L_Hid)’ and HPL in order to _estimate
velocities when the enzyme was inactivated at the interface during the apparent dissociation constars{pp) of the lipase-
titration. At all the other points, the kinetics of fatty acid titration ~ colipase complexes. Lipase activity measurements were
were found to be linear with time. When required, colipase was carried out by the pH-stat technique with trioctanoin as

added at a molar excess of 5. Values are expressed as mteans ; ; ; ;
SD (0 = 3 for each experiment). Panels A and F were reprinted substrate, in the presence of increasing amounts of colipase

with permission from ref 21. Copyright 1994 American Chemical @nd 4 mM NaTDC, a bile salt concentration at which
Society. pancreatic lipase displays no activity in the absence of
colipase. The lipase activity was then plotted as a function
the colipase was added. A very strong correlation was of the colipase to lipase molar ratio (Figure 6) andKagyp)
therefore observed between the interfacial binding (Figure was calculated from a Scatchard curve as previously
4) and the lipase activity of HPL (Figure 3A). described by Rathelot et ally). It was assumed that the
To check the possibility that the lipolysis might affect the lipase activity was only resulting from a 1:1 molar association
interfacial binding of HPL to trioctanoin, we also performed of lipase and colipase. As shown in Figure 6, colipase
similar experiments with the inactive HPL S152G mutant, displayed a similar affinity for HPL and HPH(id), with
and its recovery from the water phase was estimated byKppp values of 1.5+ 0.4 nM and 1.6+ 0.3 nM,
ELISA. As shown in Figure 4, the interfacial binding respectively. The colipase affinity for the HPL Y403N mutant
behavior of HPL S152G was similar to that of the active was found to be reduced 3-fold, withkaapp) Of 4.9+ 0.7
HPL, which justified the use of our simple binding assay. nM. Similar experiments with the HPL four-site and five-
In the case of the experiments with the active HPL, the site mutants could not be performed since these mutants were
lipolysis was probably largely reduced by the creaming of not reactivated by colipase in the presence of 4 mM NaTDC.

80004 (A) HPL L (B) HPL 4-site mutant
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Ficure 4: Effects of bile salts and colipase on the interfacial binding of HPL and HPL mutants to a trioctanoin emulsion. The interfacial
binding experiments were performed at two different bile salt concentrations: 0.5 mM NaTDC, which is the optimum concentration for
measuring HPL activity without any absolute colipase requirement, and 4 mM NaTDC, which completely inhibits HPL in the absence of
colipase. When required, colipase was added at a molar excess of 5. Values are expressed #sSBegns 3 for each experiment).

1123456 100.0%-

75,0% —

Ficure 5: Binding of HPL and HPL mutants to colipase. Porcine
colipase (20ug) was dot-blotted on strips of PVDF membrane.
The strips were then incubated with & solution of either HPL
(lane 2), HPL Y403N (lane 3), HPL four-site mutant (lane 4), HPL
five-site mutant (lane 5), or HPE(id) (lane 6), in the presence of

4 mM NaTDC. Immunodetection of the lipase bound to colipase ;
was performed with HPL polyclonal antibodies. A control experi- C < o o— HPL
ment without lipase overlay is shown in lane 1. sondd ¥ L

8 e fo Sm—— HPL(-lid)
Adsorption/Penetration of HPL and HP(id) into a PC 74 o HPL Y403N

Monolayer, in the Presence or Absence of Colipasem-

parisons were made between HPL and HPIiq) surface 0,0% 1} . . . . .

properties by the monolayer technigue, with monomolecular

films of egg PC spread at the aiwater interface. Egg PC Colipase to lipase molar ratio

is not a substrate for either HPL or HPL{d) (26), and the . . . !

. . Ficure 6: Effect of the colipase to lipase molar ratio on the
variations in the surfac_e pressure rgcorded ther_efpre reflectenzymatiC activity of HPL, HPL Y403N, and HPL(id). The lipase
only the lipase adsorption/penetration into the lipid mono- activity (ordinate) was expressed as the percent of the maximum
layer under which the lipase was injected. The maximum lipase activity obtained with a large molar excess of colipase. The
increase in the surface pressumknj was plotted as a  assays were performed by the pH-stat technique and trioctanoin as

; P _ substrate (see Materials and Methods), in the presence of 4 mM
function of th?’ initial surface pTe_SS”rE'X of the egg PC NaTDC and increasing concentrations of porcine colipase. The
monolayer (Figure 7). The critical surface pressure for lipase concentration in the pH-stat vial was 10 nM.

penetration ;) was calculated for both HPL and HPL( i _ )
lid) from the linear curve fit oAz = f(m). . corresponds ~ Procolipase or HPL alone. With the HPlid)—procolipase

to the initial surface pressure beyond which no increase in COMPplex, the increase in the surface pressure was higher than

the surface pressure occursa( = 0) upon addition of the that qbs'elrved aftgr injection of HPL(id) alone, but _|t was

enzyme. The critical surface pressure for HPliq) penetra- not S|gn|f_|cantly different from that observed after injection

tion (e = 21.2 mN/m) was found to be higher than that of ©f Procolipase alone.

HPL (7. = 14.9 mN/m). HPL¢lid) can therefore be said DISCUSSION

to be a more penetrating enzyme than HPL. In the case of

HPL, we checked that similar results were obtained with  Mutations Affecting the Effects of Colipase on HRs

native HPL (nHPL), recombinant HPL (rHPL), and the previously reported by Jennens and Low&S3)( it was

inactive rHPL S152G mutant (Figure 7). observed in the present study (Figure 3C) that the Y403N
In the presence of porcine procolipase at a 1:1 molar ratio mutation in the HPL C-terminal domain did not affect the

and for initial surface pressure22 mN/m, the increase in  action of either bile salts or colipase at a 5-fold molar excess

the surface pressure after injection of the HRirocolipase vs lipase, in comparison with what occurs in the case of HPL

complex was higher than that observed after injection of (Figure 3A). Y403 is therefore not essential to lipase

50.0%4 -

VIVimax (%)
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effects @5). These data suggest that some interactions might
subsist in RPLRP2 that stabilize the open lid conformation,
although there can be no salt bridge (residue-2®8idue
268) or hydrogen bond (residue 25@sidue 267) between
the lid domain and the protein core. It is worth noting,

& nHPL + procolipase 1:1
| S rHPL(-lid) + procolipase 1:1
*---- Procolipase

----- rHPL(-lid)

however, that RPLRP2 is the only characterized pancreatic
HPL lipase that is not inhibited by bile salt&85) and its kinetic
o— rHPL . .
o  nHPL properties therefore cannot be directly compared to those of
®  HPLSI52G CoPLRP2 or those of the HPL four-site mutant. Some other

structural differences might exist in RPLRP2.

Role of the Lid Domain in HPEColipase Interactions
and Interfacial Binding Since no lid-colipase interactions
can occur in the HPL£lid) mutant due to the large deletion
present within the lid domain, the C-terminal domain of HPL
is the only lipase-colipase interaction site. Colipase did,
.. however, have an effect on HPLI(d): it restored the lipase

30 activity at high bile salt concentrations (Figure 3E) and bound

-1 the enzyme at the interface of a trioctanoin emulsion (only
TCi (mNm ) 3.7% + 1.1% HPLEIid) remaining in solution at 4 mM
FIGURE 7: Adsorption of HPL and HPLlid) onto a monomo- NaTDC; Figure 4). Moreover, the apparent affinity of HPL-
lecular film of egg PC spread at the aiwater interface. After  (—lid) for colipase was found to be identical to that of HPL
injection of the enzymet procolipase into the subphase, the (Figure 6), and therefore, the contribution of the colipase
maximum increase in the surface pressuke)(was plotted as a  lid interactions (mainly three hydrogen bonds) is negligible
function of the initial surface pressureof the egg PC monolayer. 55 compared to the contribution of the colipase interactions

Both Az andz; are expressed in millinewtons per metEne linear ; ) . . . -
curves describing\ = f(;) were obtained by linear regression With the HPL C-terminal domain (two salt bridges, six

using the least-squares method. The corresponding equations ar@ydrogen bonds, several van der Waals contacts, and the
Axr = —0.837 + 12.45 R2 = 0.961) for HPL,A7x = —0.537; + apolar interaction between R65 from colipase and Y403 from
11.19 R = 0.948) for HPL(-lid), Az = —0.567 + 13.79 @ = lipase). In the absence of colipase and at low bile salt
%?ﬂgi&g&%‘(’)‘;ﬁ’;ﬁ "’(‘:'gr?]%l’é ;1710-;%7{*’:21_%23%_ 101-88773 concentrations, the interfacial binding of HPL{d) was also

(R? = 0.867) for HPLHid)—procolibase complex 11 By use of VerY efficient. It is therefore conqluded thgt the I|q dqma_ln
these equations, the critical surface pressure for penetration (IS not an essential element for either the interfacial binding
intercept with ther; axis) was calculated for HPL (14.9 mN/), of HPL or the productive lipasecolipase interaction required
HPL(=lid) (21.2 mN/n?), procolipase alone (24.7 mNf), for the colipase to exert its anchoring effects.

HPL—procolipase complex 1:1 (27.2 mN/#), and HPL(lid)— ; ; ;
procolipase complex 1:1 (28.9 mN/). Abbreviations: rHPL, Our results are at variance with those previously reported

recombinant HPL produced in insect cells; nHPL, native HPL DY Jennens and Lowet4), who concluded that the lid do-
purified from human pancreatic juice. main was essential for HPL interfacial binding. These authors
observed that two HPL lid deletion mutants (2487 and

colipase interactions, and the fact that colipase has no effect240-260, according to their numbering) did not bind effi-
on some PLRP2s cannot be attributed to the systematicciently to tributyrin in the absence of bile salts. In the pres-
mutation of residue 403 in PLRP2s. We observed, however, ence of 4 mM NaTDC, the lipase activity and the interfacial
that the Y403N mutation resulted in a lower affinity of HPL  binding to tributyrin of these mutants were very weak and
for colipase (Figure 6). increased only slightly upon adding colipase. The substrate

The lid domain needs to be open to bind colipase. In was, however, different from our substrate, trioctanoin.
addition to the Y403N mutation, we also mutated four HPL ~ Using a phospholipid monomolecular film spread at the
amino acid residues (R256G, D257G, Y267F, and K268E) air—water interface, we also observed that HPlg) is a
involved in the interactions stabilizing the open conformation more penetrating protein than HPL (Figure 7). Although these
of HPL (Figure 1). These four residues do not interact results were obtained with a completely different interface
directly with colipase. As in the case of HPL (Figure 3A), from the triglyceride-water interface, they also show that
the inhibition of the HPL four-site mutant lipase activity the lid domain is not essential to the interfacial binding. The
occurring at high bile salt concentration was due to the weak adsorption/penetration capacity of HP{d) is, however,
interfacial binding of the enzyme to the interface (Figure not increased significantly by procolipase, on the contrary
4), but it was established that the interfacial anchoring effectsto what is observed with HPL (Figure 7) and what was
of colipase are abolished when all four residues are mutatedreported earlier with porcine pancreatic lipagk)( In a
simultaneously. recent study, however, Dahim and Brockmat®)( have

Our results provide a potential explanation for the absenceshown that the presence of colipase in the phospholipid
of any effects of colipase on CoPLRP2 at supramicellar bile monolayer did not enhance the pancreatic lipase adsorption
salt concentrations (Figure 3F). Only three of the four and the surface pressure did not increase when the lipase
residues are mutated in CoPLRP2 (Figure 2), but this is was injected in the aqueous subphase atZBmMN/m. These
sufficient to abolish all the stabilizing interactions between results are at variance with our results: we observed (Figure
the lid domain and the protein core. 7) an increase of around 5 mN/m when HPL was injected

In rat PLRP2, only two residues out of four are mutated under the phospholipid monolayer, after a preliminary
(Figure 2) and colipase has been found to have activatinginjection of procolipase, at an initial surface pressure of 20
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mN/m. We obtained the same result when lipase and equilibrium between the closed and open forms of HPL might

procolipase were mixed before their injection in the aqueous shift toward the closed form. The HPL four-site mutant

subphase. Several differences in the experimental proceduresolipase complex would then present a higher HLB and a

might explain the apparent discrepancy between the two lower affinity for the interface in the presence of bile salts.

studies. In the case of the Dahim and Brockman experiments, Low Specific Actiity of the HPL Lid MutantsA common

the phospholipids and colipase were first mixed in a feature of the lid mutants produced in this study is their 10-

chloroform/methanol/water mixture before this mixture was fold lower specific activity in comparison with HPL (Figure

spread onto the aqueous phase to form a mixed monolayer3). Based on the open 3D structures of the Heblipase

a long-chain phospholipid was used, and procolipase wascomplex, it has been established that several amino acid

activated into colipase. residues from the lid domain are involved in one of the acyl
A Hypothesis Accounting for the Absence of the Anchoring chain binding sites within the active center of HR, (2.

Effects of Colipase on the HPL Four-Site Muta®ince the This binding site does not exist in HPt[d), and the

lid domain is not essential for the lipaseolipase interac-  interaction between the substrate and the active site may be

tions, these interactions were presumably not abolished inweakened. In the case of the HPL four-site mutant, it is

the HPL four-site mutant. Using a protein blotting/protein possible that the removal of the interactions stabilizing the

overlay immunoassay, we demonstrated that colipase stillopen conformation of the lid domain may also weaken the

binds to the HPL four-site mutant in the presence of bile interactions between the lid domain and one acyl chain of

salts (Figure 5). The fact that colipase had no anchoring the triglyceride substrate.

effects on the HPL four-site mutant might result from a

conformation of the lid domain preventing the interfacial ACKNOWLEDGMENT
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