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Probing the Opening of the Pancreatic Lipase Lid Using Site-Directed Spin
Labeling and EPR Spectroscopy
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ABSTRACT: Access to the active site of human pancreatic lipase (HPL) is controlled by a surface loop (the
lid) that undergoes a conformational change in the presence of amphiphiles and lipid substrate. The question
of how and when the lid opens still remains to be elucidated, however. A paramagnetic probe was covalently
bound to the lid via the D249C mutation, and electron paramagnetic resonance (EPR) spectroscopy was
used to monitor the conformational change in solution. Two EPR spectral components, corresponding to
distinct mobilities of the probe, were attributed to the closed and open conformations of the HPL lid,
based on experiments performed with the E600 inhibitor. The open conformation of the lid was observed
in solution at supramicellar bile salt concentrations. Colipase alone did not induce lid opening but increased
the relative proportions of the open conformation in the presence of bile salts. The opening of the lid was
found to be a reversible process. Using various colipase to lipase molar ratios, a correlation between the
proportion of the open conformation and the catalytic activity of HPL was observed.

X-ray crystallography studies on pancreatic lipase in the beginning and end of the opening of the lid, respectively.
presence of various effectors have shown that this lipase hasThis complex process, which has also been observed in X-ray
a two-domain structure, including a catalytic N-terminal crystallography studies of other lipase8—Q), probably
domain with an a/B-hydrolase fold and g5-sandwich requires several steps and intermediate conformations of the
C-terminal domain1—3). The active site in the N-terminal  lid, as observed with the lipase frothermomyces lanugi-
domain includes a Ser-His-Asp catalytic triad, and its accessnosus(10). Although X-ray crystallography is a powerful
is controlled by a lid showing two different conformations technique, it mainly yields static information. How and when
(open and closed). The C-terminal domain is analogous tothe lid opens is still a matter of discussion, although studies
the C2 domains and is required for interactions with a lipid ~ using lipase inhibitors1(1), fluorescence spectroscof?,
water interface to occudj. The C-terminal domain is also  nheutron diffraction {3), and small-angle neutron scattering
involved in interactions with colipase, a physiological (14) have indicated that the lid may be open in solution in
cofactor required for the adsorption of the lipase at a tipid ~ the presence of bile salts and colipase. The presence of a
water interface in the presence of competing amphiphiles lipid—water interface does not seem to be required to induce
such as bile salts5]. When the human pancreatic lipase and stabilize thg open conformation qf the Ild,.expgsmg a
colipase complex was crystallized in the presence of bile large hydrophopm surface around the I|p§.se active site. This
salts and phospholipids, the lid adopted the open conforma-OPen conformation can probably be stabilized in solution by
tion, thus giving free access to the active site. The N-terminal Intéractions with bile salts or other detergent monomers, as
part of colipase was also found to interact with the lid suggested by the crystal structur_es of pancreatic lipases in
domain, thus forming a second lipaseolipase interaction ~ Which monomers ofi-octyl glucoside {5) or tetraethylene
site. On the basis of these structural findings, it was suggesteoegCOI mo_nooc.tyl ether (TGME)16) were ob;erved. The
that colipase may help to bring the catalytic N-terminal neutron qn‘fractlon study su.ggested t_hat bth bile salt micelles
domain of pancreatic lipase into close contact with the lipid 2Nd_colipase were required for induction of the open

interface, where a drastic change occurs in the conformationComcormation of the Iipas_e_i_n SO'““Q” via the formation of a
of the Iid' ternary complexX3). Inhibition studies have shown, how-

) . ever, that the sole presence of bile salts suffices to induce a
The closed and open conformations of HRIbserved in - f55t inactivation of pancreatic lipase, probably via the opening
the crystal structures are thought to correspond to the of the Iid that normally prevents the access of inhibitors to
the active site in solutionl({). The various approaches used
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Table 1: Primers Used for PCR Mutagenésis

primer sequences and comments

CCT GGA TCC GCT CGG CAT GCT, sense primer annealing to the HPL cDNgx8, BamH]

CCA GGATCC TCA GCA GGG TGT C, antisense primer annealing to the HPL cDN&x@, BamHl

GCA GAA CCT TAC TTT CAG GGC, sense primer corresponding to the peptide YMEPG and encoding the C181Y mutation
GCC CTG AAA GTA AGG TTC TGC, antisense primer corresponding to the peptide YWEPG and encoding the C181Y mutation
TGT GGA CAT ATG CGG AAT CTG G, sense primer corresponding to the peptideGGIW and encoding the D249C mutation
CCA GAT TCC GCA TAT GTC CAC A, antisense primer corresponding to the peptide®&BIW and encoding the D249C mutation

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

2 OO WNE

up to now did not lend themselves to studying the opening volves inserting a nitroxide radical into a selected site of a
process, the individual and/or synergistic effects of bile salts protein via a cysteine residue and observing its paramagnetic
and colipase, or the possible coexistence of several lid properties using EPR spectroscopy. When recorded at room
conformations. temperature, the EPR spectrum reflects the mobility of the
To further investigate the dynamic processes involved in radical and thus provides information about its local environ-
the opening of the lid in pancreatic lipase, the use of ment. Any change in this environment resulting from either
spectroscopic techniques is required. Intrinsic tryptophan a physical or chemical event can then be identified from the
fluorescence has been used to monitor the conformationalchange in the EPR signature.
changes occurring in HPL interacting with the lipase inhibitor
Orlistat in the presence of bile salts2j or the interactions = EXPERIMENTAL PROCEDURES
betweenT. lanuginosudipase (TLL) and mixed micelles of ) _ )
cis-parinaric acid and bile salts®). In both cases, it has DNA Source and Manipulationsthe cDNA encoding
been suggested that a tryptophan residue naturally presenf!PL was previously obtained from human placenta mRNA
in the lid (W252 in HPL and W89 in TLL) is a good potential  Using PCR technology2¢). A 1411 bp BamHI DNA
candidate for use as an internal probe. Although all the otherfragment containing the entire HPL coding region was
tryptophan residues were mutated in TLL to increase the subploned into the pGAPZBichia pastorlstr'ansfer vector
specificity of the fluorescence emission, the presence of sever{/nvitrogen), downstream of the GAP constitutive promoter.
tryptophan residues spread over the whole HPL structure Plasmids were produced and amplifiedEscherichia coli
made it difficult to interpret the changes in the pattern of after electroporation of ElectroMAX DH10B cells (Life
fluorescence. Further studies with tryptophan mutants of HPL Technologies). Plasmid DNAs were isolated frdin coli
showed that the contribution of the solvent-exposed W30 cultures using the alkaline lysis procedu$)(and purified
residue to the overall fluorescence of wild-type HPL was Using the Wizard DNA purification system (Promega).
much higher than that of the W252 located in the t®)( I_Dlgestlon with restriction enzymes and ligation with T4 DNA
To use W252 fluorescence to monitor the HPL lid opening ligase were performed as recommended by the enzyme
process, it may therefore be necessary for of all the otherSupplier (New England Biolabs). DNA sequencing was
tryptophan residues to be mutated. Fourier transform infraredPerformed by Genome Express (Grenoble, France).
attenuated total reflection (FTIR-ATR) methods have also  Site-Directed Mutagenesi$he HPL C181Y mutant was
been used to study the conformational changes and orienta€onstructed using the PCR overlap extension technig@e (
tion of TLL occurring on a solid hydrophobic surfac2(y. with internal oligonucleotides carrying the specific mutations,
Comparisons between the FTIR spectra obtained with TLL and two external oligonucleotides corresponding to the 5
in solution and adsorbed on a hydrophobic surface mainly and 3 ends of HPL cDNA, respectively. PCRs were carried
yielded information about the solvation of the protein. The out usingpfu DNA polymerase (Stratagene). The first PCR
use of deuterated buffer showed the occurrence of an unusualvas carried out using HPL cDNA in pGAPZB as the
hydrogen-deuterium exchange in the peptide CONH groups template and primers 1 and 4 (Table 1), for 30 cycles of 1
of the adsorbed TLL molecules, which was consistent with min at 94°C, 2 min at 60°C, and 3 min at 72C. The
the lipase being in the open conformation at the water second PCR was carried out using HPL cDNA in pGAPZB
hydrophobic interface. No significant changes in the second- as the template and primers 2 and 3 (Table 1), for 30 cycles
ary structure of TLL were observed, however, upon adsorp- of 1 min at 94°C, 2 min at 60°C, and 3 min at 72C. The
tion, except for a slight folding of thg-structures as the third PCR ligation-amplification step was carried out using
lipase monolayer was formed. Therefore, the FTIR method the products of PCR1 and PCR2 as the templates, and
does not seem to be a very sensitive method for studyingprimers 1 and 2 for 30 cycles of 1 min at 9&, 2 min at 60
the conformational changes occurring in a short helical °C, and 3 min at 72C. The PCR3 product was digested
peptide stretch such as the lid in large proteins such as lipasesvith BamHI, and the resulting BamHI DNA fragment (1411
(the lid accounts for 23 residues of 449 in HPL). bp) containing the mutation was subcloned into the pGAPZB
In this study, electron paramagnetic resonance (EPR)vector. Several clones were screened to check that the BamHI
spectroscopy combined with site-directed spin labeling insert was properly oriented, and one of them was further
(SDSL) was used to monitor the conformational changes sequenced to check that only the desired mutation was
occurring in the HPL lid in solution and to assess the effects introduced by PCR. This clone (HPL C181Y mutant) was
of physiological partners of the lipase, i.e., colipase and bile further used as a template for constructing the HPL C181Y/
salts. This technigue has proven to be a powerful means 0ofD249C double mutant. The additional D249C mutation was
studying protein interactions and dynamic processes such aslso introduced using the PCR overlap extension technique
conformational change®2{—23). The SDSL strategy in-  as described above, with primers 5 and 6 (Table 1) serving
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as the internal oligonucleotides carrying the mutation. The The reacting antibodies were detected with goat anti-rabbit

final PCR product was digested with BamHI, and the
resulting BamHI DNA fragment (1411 bp) containing the
double mutation was subcloned into the pGAPZB vector.
One clone in which the BamHI insert was correctly oriented
was further sequenced.

Production of HPL and HPL Mutants in P. pastoris.
Transformation of wild-typeP. pastorisstrain X-33 was

immunoglobulins conjugated to alkaline phosphatase.
Analysis of Recombinant HPL and MutariEsach produc-
tion of HPL and HPL mutants was checked by performing
amino acid analysis, N-terminal sequence analysis using an
Applied Biosystem model 473A gas-phase sequencer to
check that no proteolytic degradation had taken place, and
MALDI-TOF mass spectrometry using Voyager DE-RP

performed by electroporation using a Bio-Rad gene pulser equipment (Perspective Biosystems Inc.). The stochiometry

(1500 V, 2009, 25uF). Electrocompeterf. pastoriscells
were prepared using standard meth@#. (Prior to the yeast
transformation procedure, the pGAPZB plasmid containing
either HPL DNA or mutants was linearized wiBsHI. P.
pastoriscells were also transformed by the pGAPZB plasmid

of accessible sulfhydryl groups (nonoxidized free cysteine)
per lipase molecule was estimated from the titration with
Elmann‘s reagent30).

Spin Labeling ProcedureSince it was observed that free
cysteines were oxidized in the recombinant lipase recovered

without any insert and used for negative control assays. Thefrom Pichia culture medium, the recombinant proteins were
recombinant yeast clones were selected from the coloniesfirst reduced with DTT prior to the spin labeling reaction.

growing on YPDS plates containing 12@/mL zeocin, after
incubation for 3 days at 30C. The colonies were subse-

HPL (8—10 mg/mL) was incubated with a 1000-fold molar
excess of DTT for 30 min in ice. The excess DTT was then

quently screened to identify HPL secreting transformants. removed by performing gel filtration chromatography on a
In each construct, the best HPL activity-secreting clone was Superdex 75 column, using 10 mM MES, 150 mM NacCl
selected for the production of the recombinant protein. A buffer (pH 6.5). The fractions containing lipase activity were
preculture step was performed for 24 h in a 250 mL pooled and concentrated using 30 kDa cutoff polyethersul-
Erlenmeyer flask containing 50 mL of YPD medium. This fone ultrafiltration membranes (Vivaspin 2, VivaSciences-

preculture was further used to inoculate larger yeast cell Sartorius) to produce a lipase concentration-@&-10 mg/

cultures at an optical density (600 nm) of 1, to start the cell

mL with a minimum loss of protein. The HPL was then

growth directly in the exponential growth phase, as well as labeled with (1-oxyl-2,2,5,5-tetramethy2-pyrroline-3-
to establish reproducible culture conditions. The yeast was methyl) methanethiosulfonate (MTSL, Toronto Research

further grown at 3C°C, with orbital agitation at a rate of
100 rpm. The cell cultures were usually performedil L
Erlenmeyer flask containing 200 mL of YPD medium

Chemicals Inc., Toronto, ON) at a 10-fold molar excess,
using a MTSL stock solution at 10 mg/mL in acetonitrile.
The reaction was carried outrfd h in ice, under gentle

without any Zeocin, and the culture growth was stopped after stirring and a continuous flow of nitrogen to prevent

40 h to limit the proteolysis of the recombinant HPL (or
mutant) secreted into the culture medium.
Purification of HPL and HPL MutantsTwo liters of yeast

oxidation. The excess MTSL was then removed by perform-
ing a second gel filtration chromatography on a Superdex
75 column, using 10 mM MES, 150 mM NacCl buffer (pH

culture medium was collected, and the yeast was pelleted6.5). The fractions containing lipase activity were pooled

by centrifugation at 12 000 rpm for 15 min at°€. After

and concentrated at4 mg of HPL/mL (80uM), as described

the pH was adjusted to 6.5, the culture supernatant wasabove.

incubated fo 1 h under batch conditions with S-Sepharose

Lipase Actiity Measurements Using a pHstaHPL

gel (sulfopropyl cation exchanger, Pharmacia) previously activity measurements were performed by measuring the

equilibrated in 10 mM MES buffer (pH 6.5). The incubation
was performed at 4C under gentle stirring. More than 90%
of the lipase activity was found to be bound to the gel when
20 mL of gel/L of culture supernatant was used. The gel
was washed with twice its volume of 10 mM MES buffer
(pH 6.5) and packed into a chromatographic column (IBF,

amount of free fatty acids released from a mechanically
stirred emulsion of tributyrin (TC4, puriss grade from Fluka)
as described in re24. Using a pHstat (TTT 80 Radiometer,
Copenhagen, Denmark), the free fatty acids were automati-
cally titrated with 0.1 N NaOH at a constant pH of 7.5. Each
reaction was performed in a thermostated vessel° @)

24 mm internal diameter) that was further connected to a containing 0.5 mL of TC4, 14.5 mL of 0.28 mM Tris-HCI

FPLC device (Pharmacia). A linear NaCl gradient ranging
from 0 to 0.2 M NaCl in 10 mM MES buffer (pH 6) was
then applied for 1 h. The flow rate was adjusted to 1 mL/
min. The protein elution profile was recorded spectropho-
tometrically at 280 nm, and 2 mL fractions were collected.
The fractions containing HPL (or HPL mutant) were identi-
fied by measuring the lipase activity and performing SDS
PAGE. All fractions showing a major protein band at 50
kDa were pooled and concentrated.
Electrophoresis and Western Blotting Procedur&be

buffer, 150 mM NaCl, 1.4 mM Cagland 0.5 mM sodium
taurodeoxycholate (NaTDC). Recombinant HPL displays a
maximum specific activity of 12 500 units/mg under these
conditions. The lipolytic activities are expressed here in
international units (U). One unit corresponds tarhol of
fatty acid released/min.

Covalent Inhibition of the Spin-Labeled HPL Lid Mutant
by E600.The covalent inhibition of the spin-labeled HPL
lid mutant by diethylp-nitrophenylphosphate (E600) was
monitored by measuring the residual lipase activity and

recombinant HPL and HPL mutants present in the yeastrecording the EPR spectra at various times. The experiments

culture medium and purification fractions were analyzed by

were performed in 10 mM MES buffer and 150 mM NacCl

electrophoresis on 12% polyacrylamide gels in the presence(pH 6.5) containing 4&M spin-labeled HPL lid mutant and

of SDS as described by Laemm#ig). Western Blotting was
performed as described by Gershoni and Pal2&g ysing
rabbit anti-HPL polyclonal antibodies diluted 1000 times.

an E600 to lipase molar ratio of 100, as well as 4 mM
NaTDC and 8uM colipase when required. Each reaction
was started by mixing kL of a 110 mM E600 ethanolic
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Ficure 1: Molecular surface representation of HPL in its closed and open conformations, without and with colipase. Hydrophobic and
polar surfaces are colored white and yellow, respectively. The sites selected for single spin labeling (C181 or D249C) are colored green
(space-filling model).

solution with 27uL of the protein solution incubated at 37 of HPL, in the absence and presence of colipase. Some
°C. Residual lipase activity was expressed as a function of residues (W252, R256, and D257) are involved in the
the lipase activity measured in control samples without E600. interaction with the HPL core, whereas others are involved
Reduction of Spin-Labeled HPL by DTThe kinetics of in the interaction with colipase (N240, S243, and V246)
the reduction of the spin-labeled HPL lid mutant by dithio- when the lid is open. Among the 23 residues of the HPL
threitol (DTT) were monitored by recording EPR spectra at lid, only residues D249, E253, and T255 had side chains
various times. The sample was prepared by mixing a solutionwhich were fully exposed to solvent in both the open and
of the spin-labeled C181Y/D249C HPL mutant (28, 40 closed conformations of the lid and were not involved in
uM) with DTT (2 uL, 65 mM) at a molar excess of any interactions with the lipase core or the colipase. The
approximately 100-fold. The mixture was immediately D249 residue located in the lid was chosen as a target for
transferred to a quartz capillary tube designed for EPR spin labeling (Figure 1) and was replaced with a cysteine
studies. This procedure allowed us to record the first EPR residue by perfoming site-directed mutagenesis. To ensure
spectrun~1 min after the addition of DTT, and the kinetics  specific spin labeling at a single position, the other accessible
of the reaction were then observed fioh (acquisition time  free cysteines from HPL had to be mutated. HPL contains
pro spectrum, 83 s). This experiment was repeated twice:two well-characterized free cysteine residues at positions 103
without and with 4 mM NaTDC and colipase at a 2-fold and 181, but only C181 is accessible to sulfhydryl reagents
molar excess versus HPL. such as dithionitrobenzoic aci®@ 31). A tyrosine was
EPR Data CollectionEPR spectra were recorded at room substituted for C181 as observed at the equivalent position
temperature on an ESP 300E Bruker spectrometer equippedn other pancreatic lipases8Z, 33). The double C181Y/
with an ELEXSYS Super High Sensitivity resonator operat- D249C HPL mutant was produced in the yeBstpastoris
ing at 9.9 GHz. Samples containing-480 uM spin-labeled and purified to homogeneity in a single cation exchange
HPL lid mutant were injected into a quartz capillary tube chromatography step, as described in Experimental Proce-
with a useful volume of-20 uL. The microwave power was  dures.
10 mW, and the magnetic field modulation frequency and  Spin labeling was performed on the double D249C/C181Y
amplitude were 100 kHz and 0.1 mT, respectively. For the HPL mutant as well as on the wild-type HPL containing the
spin quantification, the double integration of the signal single accessible C181 using the procedure described in
recorded under nonsaturating conditions was compared withExperimental Procedures. In both cases, spin quantification
that given by a standard Cug®ample. (resulting in the concentration of paramagnetic centers) gave
a labeling yield of~80%, based on the known protein
RESULTS concentrations. Such a high yield of labeling was obtained

Spin Labeling of HPL and Effects on Lipase Kinetits. only after the oxidized free cysteines were reduced via
select amino acid residues for site-directed spin labeling, the@ddition of a large excess of DTT (a 160000-fold molar
water accessible surface of HPL lid residues (C237-KK- €XCess Vs lipase).

NILSQIVDIDGIWEGTRDFAA-C261) was estimated from We verified that the HPL mutant, with and without spin
the known “open” and “closed” three-dimensional structures labeling, had the same kinetic properties as HPL by measur-
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12000 such a crucial structural region for the catalytic mechanism,
A _:_;i:c‘;‘l:‘f; i.e., the lid, did not dramatically affect the kinetic behavior
-t EPL s cofpase of t_he .I|pase, and it was thgs possmle.to stgdy the HPL
—a— HPL mutant+colipase activation process (the opening of the lid) using the spin-
.-0--- Spin-labelled HPL mutant- colipase labeled HPL mutant and EPR spectroscopy.
—&— Spin-labelled HPL mutant+ colipase EPR Spectra of Spin-Labeled HPL and HPL Mutdrie
EPR spectrum of the nitroxide radical inserted into the HPL
lid reflects the mobility of this probe through the averaging
of both Zeeman and hyperfine interactions. Figure 3 (spectra
1—4) shows the spectral shapes observed in our study when
n the radical mobility varied. The spectrum of free MTSL
‘.,:;\&.:' (spectrum 1), reflecting a very high mobility of the radical,
2000 4 RN is given for comparison with the other spectral shapes. The
{ ‘ 2 | spectrum of the C181Y/D249C HPL mutant labeled on the
\ 3 lid (spectrum 2) exhibited a relatively narrow single-
5 6 component shape, with an outer line splitting of 3.22 (0.02)
mT (Table 2), indicating a fairly fast motion of the radical
120 B typical of a solvent-exposed locatioB4). The spectrum of
the HPL labeled at the level of C181 (spectrum 3) was
100 ?""55 ----------- O, drastically different and reflected a highly restricted nitroxide
""""""" radical mobility, almost reaching the so-called “rigid-limit”
@ regime @35) obtained for a frozen solution of MTSL
(spectrum 4 and Table 2). This may be attributable to strong
-0+ No NaTDC, no colipase steric hindrance being exerted on the radical, since it was
60 —e— 2mM NaTDC + colipase located at the bottom of a small surface pocket, as deduced
from the location of C181 in the three-dimensional structure
of HPL (Figure 1). We also recorded the EPR spectrum of
the spin-labeled HPL mutant denatured by 1.5% SDS, and
the spectral shape reflected an intermediate mobility in
comparison with spectra 1 and 2 (data not shown). The
radical in the denatured protein was therefore found to be
0 . , . , . more mobile than in the folded protein, as previously reported
0 10 20 30 40 50 60 in the literature 86). Prior to the EPR measurement, the
denaturation of the enzyme was checked by measuring the
Time (min) loss of enzyme activity.
FIGURE 2: Kinetic properties of the spin-labeled HPL muta#) Effects of Bile Salts and Colipase on the EPR Spectra.

Effects of bile salt concentration and colipase on the rate of : : :
tributyrin emulsion hydrolysis by HPL, the C181Y/D249C HPL The effects of the physiological partners of HPL (colipase

mutant, and the spin-labeled HPL mutant. Specific activity is and/or bile salts) on the EPR spectral shapes of the spin-
expressed in units per milligram of lipase, and 1 wnil xmol of labeled HPL mutant are shown in Figure 3 (spectré88p
butyric acid released/min. Assays were performed in the absenceThe presence of colipase at a colipase to lipase molar ratio
s rem ot o i o abeon Bpsoc o 2 (spectium ) did not induce any change in the EPR
HPL mutant inpthe absence and presence of bilgsalts and colipasespeCtr.um’ which was identical to spectrum 2 regorded with
the spin-labeled HPL mutant alone in solution, with an outer
ing its specific activity on tributyrin in the presence or line splitting of 3.22+ 0.02 mT. When bile salts at a
absence of bile salts (NaTDC) and colipase (Figure 2A). The concentration of 4 mM were added to a solution containing
level of activity was similar to that recorded with HPL, the spin-labeled HPL mutant, the spectrum became composite
whatever the conditions. Like HPL, the mutant was found with two components exhibiting different mobilities of the
(1) to be irreversibly denatured at the-ewater interface in nitroxide radical (spectrum 6). The relatively narrow spectral
the absence of bile salts and colipase, (2) to display maximumshape with an outer line splitting of 3.220.02 mT (arrows
activity in the presence of 0.29.5 mM NaTDC, (3) to be  with O and Table 2) corresponded to spectrum 2 obtained
inhibited by increasing bile salt concentrations above their with the spin-labeled HPL mutant alone in solution. This
critical micellar concentration (2 mM), and (4) to be shape will here be called the fast-motion component. The
reactivated by colipase. These properties were not affectedsecond component had a very broad spectral shape (arrows
by the covalent modification of C249 by the MTSL spin with %), reflecting a highly restricted mobility of the radical
label reagent (Figure 2A). The inhibition of the spin-labeled as indicated by its outer line splitting of 6.656 0.05 mT
C181Y/D249C HPL mutant by E600 was also investigated. (Table 2). This shape will here be called the slow-motion
Like HPL, the labeled mutant was inhibited by E600 only component. When both physiological partners were present,
in the presence of micellar concentrations of bile salts, the proportion of the slow-motion component increased
suggesting that the opening of the lid induced by bile salts strongly (spectrum 7). To isolate this particular component,
and giving access to the active site in HPL was similar in we subtracted the fast-motion component (spectrum 2) from
both HPL and the spin-labeled HPL mutant (Figure 2B). the composite spectrum (spectrum 7). The subtraction was
These data showed that the mutation and labeling of HPL atperformed manually with the criterion of cancelling the high-
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Ficure 3: EPR spectra of spin-labeled HPL and HPL mutant. Effects of bile salts and colipase: (left) free MTSL in solution (spectrum 1),
spin-labeled D249C/C181Y HPL mutant (spectrum 2), HPL labeled on the natural cysteine 181 (spectrum 3), and frozen solution of MTSL
(spectrum 4) and (right) spin-labeled HPL mutant with colipase (spectrum 5), spin-labeled HPL mutant with 4 mM NaTDC (spectrum 6),
spin-labeled HPL mutant with colipase and 4 mM NaTDC (spectrum 7), and the difference spectrum obtained by subtracting spectrum 2
from the composite spectrum 7 (spectrum 8). The arrows with asterisks indicate the positions of the low- and high-field lines of the slow-
motion component and the arrows with circles those of the fast-motion component. EPR sp&&taad.5-8 were recorded at room
temperature and 9.9 GHz with a microwave power of 10 mW and a magnetic field modulation frequency and amplitude of 100 kHz and
0.1 mT, respectively. Spectrum 4 of the frozen solution of MTSL was recorded at 9.4 GHz and 200 K with a microwave power of 4 mW
and a magnetic field modulation frequency and amplitude of 100 kHz and 0.3 mT, respectively.

Table 2: Outer Line Splittings Measured from EPR Spectra 100

sample

spin-labeled C181Y/
D249C HPL mutant

outer line splitting (mT)

fast-motion component 3.220.02
slow-motion component 6.6% 0.05
C181 spin-labeled HPL 6.5% 0.05
frozen MTSL 7.25+ 0.05

field spectral line of the fast-motion component centered at
around 353 mT. It should be noted that a residual contribution
of a radical with high mobility was still present after
subtraction, but this contribution was less thar2% of the
total spin-labeled protein and was attributed to very low
levels of either spin-labeled denatured proteins or protein
fragments in our samples. The result of this subtraction was

Slow-motion component (%)

NaTDC (mM)

spectrum 8, which had a shape comparable to that obtainedGURE 4: Changes in the proportion of the EPR spectrum slow-

- " . motion component of the spin-labeled HPL mutant with the NaTDC
with HPL labeled at position 181 (spectrum 3) but slightly concentration: @) experiments performed without colipase and

different, however, with respect to the outer line splitting (@) experiments performed with a 2/1 colipase/lipase molar ratio.
(Table 2). This particular shape of the spectrum is repre- The standard deviation of the relative proportions of the slow-

sentative of a radical located at a site poorly accessible to _motior] component, due to both errors of subtraction and integrated
solvent @4). To quantitate the respective contributions of Mensity measurements, was estimated tat886.

both components, composite spectrum 7 (total integrated To further monitor the changes in the two components,
intensity, i) and spectrum 814, resulting from the the effects of the bile salt concentration on the spectral shapes
subtraction were integrated separately and the proportion ofwere studied by recording the EPR spectra of the spin-labeled
the slow-motion component was deduced frapil . As a HPL mutant in solution, in either the absence or presence
control, we checked that the addition of the same amountsof colipase at a colipase to lipase molar ratio of 2 (Figure
of colipase and/or bile salts to HPL labeled at position 181 4). Up to 0.5 mM NaTDC and in the absence of colipase,
did not induce any change in the EPR spectrum (data notthe shape of the EPR spectrum remained the same as that
shown), with a similar outer line splitting of 6.58 0.05 observed without bile salts and colipase (data not shown),
mT (Table 2). which suggests that the radical was still in the same local
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Ficure 5: Dilution experiments showing the effects of bile salt

concentration and E600 on the EPR spectral components. The bile 346 348 350 352 354 356 358

salt concentration was reduced from 2 to 0.5 mM NaTDC by
diluting the samples of spin-labeled HPL mutant in the absence
(A) and presence (B) of E600 at a 1/100 lipase/inhibitor molar ratio.
These experiments were performed in the presence of colipase a
a 2/1 colipase/lipase molar ratio.
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Ficure 6: Changes in the EPR spectrum slow-motion component
of the spin-labeled HPL mutant with the colipase/lipase molar ratio.
All experiments were performed with 4 mM NaTDC. The standard

deviation of the relative proportions of the slow-motion component

proportion, due to both errors of subtraction and integrated intensity
measurements, was estimated todH8%.

environment. Above 1 mM NaTDC, the proportion of the
slow-motion component quickly increased with NaTDC
concentration and reached a plateau at-80% in the
absence of colipase and 80% in its presence. We determine
whether this process was reversible by performing an
experiment in which the bile salt concentration was reduced
from 2 to 0.5 mM by dilution of the sample. The proportion
of the EPR spectrum slow-motion component was found to
decrease from 60 to 0% (Figure 5A).

The effects of the colipase/lipase molar ratio were

Biochemistry, Vol. 46, No. 8, 20072211
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Ficure 7: Reduction of the spin-labeled C181Y/D249C HPL
fnutant by DTT (A) Spin-labeled D249C/C181Y HPL mutant (40
uM) before (1) and after (2) the addition of DTT. Spectrum 1 was
magnified by a factor 4 to allow its comparison with spectrum 2.
(B) Spin-labeled D249C/C181Y HPL mutant (4M) with colipase
and 4 mM NaTDC before (1) and after (2) the addition of DTT.
The dotted line indicates the low-field line of the slow-motion
component of the EPR spectrum. EPR spectra were recorded with
a microwave power of 10 mW and a magnetic field modulation
frequency and amplitude of 100 kHz and 0.1 mT, respectively. Four
scans were carried out to increase the signal-to-noise ratio, and the
total acquisition time was 6 min.

time was measured simultaneously with the recording of the
EPR spectra. We checked that in the absence of colipase
and bile salts, the rate of lipase inhibition by E600 was
extremely slow, and 85 6% residual activity measured
after incubation for 60 min (Figure 2B). Under these
conditions, the EPR spectrum remained mainly composed
of a fast-motion component (data not shown). When the
experiments were performed in the presence of micellar
concentrations of NaTDC (24 mM) and colipase, the
inhibition rate increased significantly, showing a half-time
of ~8—9 min (Figure 2B). After incubation for 15 min with
E600 (79+ 2% HPL inhibition), the EPR spectrum was
mainly composed of a slow-motion component (80%, Figure
5B). When the bile salt concentration was reduced from 2
to 0.5 mM by dilution, the EPR spectrum remained un-
changed (Figure 5B), which suggests that the presence of

600 covalently linked to the active serine of HPL impaired
he reversible closing of the lid.

Reduction of the Spin-Labeled HPL Lid Mutant by DTT.
The kinetics of reduction of the spin-labeled C181Y/D249C
HPL mutant by an excess of DTT were monitored by EPR
spectroscopy in the absence (Figure 7A) and presence (Figure
7B) of 4 mM NaTDC and colipase. For each experiment,

investigated by recording the EPR spectra of the spin-labeledsPectra 1 and 2 were acquired before and after the addition
HPL mutant in a solution containing 4 mM NaTDC with of DTT, respectively, the latter accumulating during the first
variable amounts of colipase (Figure 6). Without colipase, 6 min of the reaction (four scans). Whatever the experimental
the proportion of the slow-motion component spectrum conditions, the fast-motion component of the EPR spectrum
corresponded to 45% of the total labeled proteins. This of the spin-labeled HPL was found to disappear immediately
proportion gradually increased with increasing amounts of after addition of DTT, and it was totally converted into a

colipase and reached a maximum of-7b% above a
colipase to lipase molar ratio of 2.

Covalent Inhibition of the Spin-Labeled HPL Mutant by
E600. After the covalent inhibitor E600 had been added to
a spin-labeled HPL mutant solution, the residual activity with

signal of an unbound, free-rotating radical in solution (Figure
7A,B). On the other hand, the slow-motion component of
the EPR spectrum obtained in the presence of bile salts and
colipase remained unchanged (Figure 7B) up to 30 min after
the reduction reaction was started.
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DISCUSSION conformations. It is worth noticing, however, that the open
. ] _ lid is not expected to be more mobile than the closed lid,

The aim of this study was to use EPR spectroscopic pecause it is stabilized by several interactions with the HPL
methods to observe the conformational Changes in the HPLcore (Sa|t bridge, H_bonds), as well as with Co”pase (Figure
lid previously identified in X-ray crystallography studieis 1). One possible explanation for the reduced mobility of the
3,16). SDSL was performed to introduce a nitroxide radical radical in the open lid is the fact that bile salt molecules
at position 249 in the lid peptide stretch, and its mobility, as could bind the HPL in its open conformation, in the vicinity
reflected by the EPR spectrum, was investigated underof the radical, and thus restrain its mobility. The existence
various conditions. The idea was to associate EPR spectraf a bile salt molecule in the vicinity of the active site of
with various conformations of the HPL lid. The EPR pjle salt-stimulated lipase has already been reported in the
spectrum was found to be composed of two componentsiiterature 39). Another possible explanation could be that
reflecting a slow and a fast motion of the radical (Figure 3). HPL monomers interact via their hydrophobic surfaces
In the presence of micellar bile salt concentrations, the generated upon lid opening. A quaternary structure of this
proportion of the slow-motion component increased signifi- kind was observed in the crystal structure of the open HPL
Cantly and was taken to be associated with the open (15) Some of the detergent mo|ecu|¢chty| g|ucoside),
conformation of the lid. This change in the EPR spectrum needed for the crystallization, were also observed in the
mlght, however, result from a conformational alteration not Crysta| within the surface of interaction of the HPL mono-
correlated with a motion of the lid. To unambiguously mers. Some of them were located at the entrance of the active
confirm the association between a given EPR spectrumsite, bound to the hydrophobic part of the Iit5). In this
component and a well-defined conformation, we used the case, the environment of residue 249 is severely restricted
E600 inhibitor to block the HPL lid in its open conformation and one can assume that a radical present at this position
since the X-ray crystallography findings showed that the HPL || exhibit a highly restricted mobility. To check the solvent
lidis open when an inhibitor is covalently linked to the active accessibility of residue 249, we monitored by EPR spectro-
site serine. Since the covalent inhibition of HPL induced by copy the reduction of the spin-labeled HPL lid mutant by
E60O is irreversible, it is impossible for the lid to return to  DTT. These experiments showed qualitatively that the
its closed Conformation, mainly because this would require popu]ation of Spin labels g|v|ng the slow-motion Component
another conformational change in tf# loop, and this  was much less sensitive to DTT than the one giving the fast-
change is impossible because residues fronggwop are  motion component. These results suggest a lower solvent
involved in the oxyanion hole. When the bile salt concentra- accessibility of residue 249 in the open conformation of the
tion was reduced, no decrease in the proportion of the EPRHPL lid, and they are in good agreement with the mobility
spectrum slow-motion component was observed in the gnalysis.
presence of E600, whereas the slow-motion component The ratio between the slow- and fast-motion components
disappeared in the absence of E600 (Figure 5). The slow-of the EPR spectrum was further used to investigate the
motion component of the EPR spectrum can therefore beeffects of colipase and bile salts on the lid opening in
attributed to the open conformation of the HPL lid. In the sojution. In the absence of bile salts, adding colipase did
absence of bile salts, the spin-labeled HPL mutant is not not induce the opening of the lid. Colipase can therefore only
inhibited by E600, i.e., the active site is not accessible, and jnteract with the C-terminal domain of HPL, and this finding
the EPR spectrum definitely reflects a fast motion of the s consistent with the low affinity of lipase for colipase+(2
radical. From this finding, the fast-motion component of the uM~Y) measured in solution in the absence of lipids and
EPR spectrum is now attributable to the closed conformation amphiphiles 40, 41). When colipase was added in the
of the HPL lid. presence of micellar bile salt concentrations (4 mM NaTDC),

The shape of the slow-motion EPR spectrum component a further increase in the proportion of the slow-motion EPR
was found to be characteristic of a nitroxide being in the spectrum component was observed in comparison with the
slow-motion regime, typical of radicals located at buried sites effects of bile salts alone. This result suggests that the open
either within the compact hydrophobic core of a prot&id) ( lid conformation is stabilized by colipase, probably as the
or in proteins embedded in membrane lipi&¥,(38). A result of the secondary interaction observed in X-ray crystal-
similar spectral shape was observed with the labeled wild- lography studies between colipase and the3j)d &s well as
type HPL (Figure 3, spectrum 3) where the radical is the fact that the apparent affinity of lipase for colipase
covalently linked to residue C181 located at the bottom of a is increased by several orders of magnitude in the presence
surface pocket. Its mobility is restrained by the tight packing of bile salts or other amphiphiles [& 10'—10° M~!
of the amino acid residues surrounding this pocket as (42—44)].
observed from a three-dimensional molecular model (data We established here that the open and closed conforma-
not shown). For the HPL lid mutant, the fact that the nitoxide tions of the lid are in equilibrium in the presence of bile
radical at position 249 had a reduced mobility in the open salts. This equilibrium can be shifted either toward the lid
conformation of the lid was unexpected since residue 249 opening (corresponding to the EPR spectrum slow-motion
was chosen for the high accessibility to solvent of its side component) with an increase in bile salt concentration and
chain in both the open and closed conformations of the lid addition of colipase or toward the closed conformation via
(Figure 1). From the crystal structures of HPL, B«actors dilution of the solution to decrease the bile salt concentration
(thermic agitation) of the side chain atoms of residue D249 below the CMC. The proportion of the open conformation
were found to be similar in both the open (58:14.8) and increases with the colipase to lipase molar ratio, reaching a
closed (62.A 2.3) conformations of the HPL lid, and they maximum opening rate at a 2/1 ratio. This ratio is identical
suggested a high mobility of the D249 side chain in both to that required for measuring maximum HPL activity on
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triglyceride emulsions in the presence of bile salis The
changes in HPL activity observed with increasing amounts
of colipase therefore seem to be linked to the opening of
the lid.

Under all the experimental conditions that were used,
100% of the open conformation was never observed in
solution, in contrast to what was observed in the crystal
structure of the open HPL3(15). Phospholipids, bile salts,
other detergents, and a hydrophobic inhibitor were, however,
required to crystallize HPL in its open conformation.
In a liquid phase, the presence of lipid substrate and the
resulting oi-water interface are probably required to shift
the conformational equilibrium toward the full opening of
the lid.

This study shows that SDLS combined with EPR spec-
troscopy provides a powerful technique for studying the HPL
lid opening process in solution. This method can be used to
nonambiguously attribute specific EPR spectral components
to the closed and open conformations previously identified
by X-ray crystallography. We now have an efficient tool for
investigating the lid opening under various conditions, in
isotropic solutions as well as in the presence of lipid
aggregates. This tool might be particularly helpful for
answering one of the remaining questions in the field of
lipase enzymology: Is the lid opening (“structural activa-
tion”) related to the kinetic phenomenon of “interfacial
activation” of lipases 45, 46), i.e., the drastic increase in
enzyme activity observed with partly soluble triglyceride
substrates (tripropionin) at a concentration above the solubil-
ity limit? This has not been demonstrated up to now, although
it is quite common to read that the open structures of lipases
reveal how these enzymes are activated at lipid interfaces.
Another field of investigation opened by SDSL of the HPL
lid is the structural behavior of the lipase in organic solvents
or a biphasic environment. Lipases are commonly used as
enantioselective biocatalysts under these conditions, but no
structural information about the enzyme in such an environ-
ment is available. It has been proposed that the low reaction
rates often observed might result from the partial lipase
denaturation in the presence of solvent, as well as from a
low level of lid opening. Several studies were performed to
stabilize the open conformation of the lipase lid in the
presence of organic solvent/( 48), but structural data are
still missing.
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