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ABSTRACT: The opening of the lid that controls the access to the active site of human pancreatic lipase (HPL)
was measured from the magnetic interaction between two spin labels grafted on this enzyme. One spin label
was introduced at a rigid position in HPL where an accessible cysteine residue (C181) naturally occurs. A
second spin label was covalently bound to themobile lid after introducing a cysteine residue at position 249 by
site-directed mutagenesis. Double electron-electron resonance (DEER) experiments allowed the estimation
of a distance of 19( 2 Å between the spin labels when bilabeled HPL was alone in a frozen solution, i.e., with
the lid in the closed conformation. A magnetic interaction was however detected by continuous wave EPR
experiments, suggesting that a fraction of bilabeledHPL contained spin labels separated by a shorter distance.
These results could be interpreted by the presence of two conformational subensembles for the spin label
lateral chain at position 249 when the lid was closed. The existence of these conformational subensembles was
revealed bymolecular dynamics experiments and confirmed by the simulation of the EPR spectrum.When the
lid openingwas induced by the addition of bile salts and colipase, a larger distance of 43( 2 Å between the two
spin labels was estimated fromDEER experiments. The distances measured between the spin labels grafted at
positions 181 and 249 were in good agreement with those estimated from the known X-ray structures of HPL
in the closed and open conformations, but for the first time, the amplitude of the lid opening was measured in
solution or in a frozen solution in the presence of amphiphiles.

Lipases (triacylglycerol hydrolase, EC3.1.1.3) are key enzymes
in major physiological processes such as fat digestion and
lipoprotein metabolism (1, 2). These enzymes are also used in
many industrial processes (biotransformation of oils and fats,
synthesis of structured triacylglycerols, enantioselective reactions
in organic synthesis) and products such as detergents for cleaning
fat stains (3, 4). Understanding their mechanism of action for
then improving it is therefore amajor challenge in biotechnology.
One particular structural feature of lipases is the so-called “lid”
that controls the access to the active site and the amphiphilic
properties of these enzymes that are highly soluble in water but
act at the surface of oil droplets (5). When the lid is “closed”, the
active site is not accessible to solvent, and the enzyme mainly
presents a hydrophilic surface (6-8). When the lid is “open”, the
active site becomes accessible and functional, and a large hydro-
phobic surface is revealed at the surface of the protein surround-
ing the active site (9-11). This large hydrophobic surface
becomes part of the active site, but it is also involved in the
interaction of the lipase with the lipid-water interface. All of
these structural characteristics have been revealed by X-ray

crystallography since the last 20 years, the open conformations
of lipases being often obtainedby crystallization of lipase-inhibi-
tor complexes and cocrystallization with detergents (9-15).
Although these findings have beenmajor breakthroughs in lipase
studies, the structural behavior of lipases in solution, in the
presence of detergent or organic solvents, or when they bind at
the interface of two liquid phases remains still largely unknown.
The use ofNMR spectroscopy is not largely developed due to the
highmolecularmasses ofmany lipases, and only a few lipases like
cutinase (16, 17) and Pseudomonas mendocina lipase (18) have
been structurally characterized in solution by NMR.

The use of site-directed spin labeling (SDSL)1 coupled to
electron paramagnetic resonance spectroscopy (EPR) was how-
ever recently introduced for studying the conformational changes
of the lid in human pancreatic lipase (HPL). By grafting a
nitroxide spin label (MTSL) on the HPL lid at position 249, it
was possible to identify specific EPR spectra of the spin label
corresponding to the closed and open lid, and these spectra were
later used for monitoring the HPL lid opening in solution (19). In
particular, this study showed how an increasing concentration of
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bile salts above their critical micellar concentration promotes the
opening of the lid and how colipase, the specific HPL cofactor,
plays a role in stabilizing the open conformation of the lid. An
important finding was that the lid opening process was reversible
as observed by decreasing the bile salt concentration under the
micellar concentration. More recently, the structural changes
induced in HPL by lowering the pH were investigated using a
combined approach involving SDSL-EPR and Fourier transform
infrared (ATR-FTIR) spectroscopy (20). A reversible opening of
the lid was observedwhen the pH decreased from 6.5 to 3.0, giving
an EPR spectrum similar to the one observed in the presence of
bile salts and colipase. Below pH 3.0, ATR-FTIR measurements
indicated that HPL had lost most of its secondary structure. In
parallel, EPR studies were more precise in revealing a local
unfolding in the vicinity of the active site, whereas the lid was
found to resist to the global unfolding and to keep a stable
structure. SDSL-EPR therefore appeared as a useful technique for
studying both the mechanism of action and the stability of HPL.

The work reported in the present report is a further step
forward in studying the HPL lid opening process by EPR. Using
a double spin labeling strategy and pulsed EPR spectroscopy,
the amplitude of the lid opening was estimated from double
electron-electron resonance (DEER). Molecular dynamics led
to the identification of two conformational subensembles for
the spin label grafted on the lid, and the complete analysis of
the magnetic interaction between this spin label and another one
grafted at a rigid part of HPL confirmed this finding.

MATERIALS AND METHODS

Production of Recombinant HPL and HPLMutant. All
of the procedures used here have been previously described in detail
in Belle et al. (19). The cDNA encoding HPL was previously
obtained fromhumanplacentamRNAusingPCRmethods (21).A
1411 bp BamHI DNA fragment containing the entire HPL coding
region was subcloned into the pGAPZB Pichia pastoris transfer
vector (Invitrogen) downstream of the GAP constitutive promoter
for further expression of HPL the yeast P. pastoris. Two HPL
mutants (D249C and C181Y-D249C) were constructed using the
PCRoverlap extension technique as previously described, and they
were also produced inP. pastoris after inserting theirDNA into the
pGAPZB vector. The wild-type P. pastoris strain X-33 was
transformed by electroporation using linearized pGAPZB vectors
containing either HPL or HPL mutant DNA. Cell cultures were
then performed in 1 L Erlenmeyer flasks containing 200 mL of
YPDmediumwithout any zeocin, and the cell growth was stopped
after 40 h in order to limit the proteolysis of the recombinant HPL
(or mutant) secreted into the culture medium.

For the purification of HPL and HPL mutants, 2 L of yeast
culturemediumwas collected, and the pure proteins were obtained
after a single cation-exchange chromatography step on S-Sephar-
ose gel (Pharmacia). The purified lipases were characterized by
performing SDS-PAGE, N-terminal sequencing, and MALDI-
TOF mass spectrometry analysis. Protein concentration in all
samples used for EPR experiments was determined by amino acid
composition analysis, and the enzyme specific activity was esti-
mated from activity measurement performed with the pHstat
technique and using tributyrin as substrate (19, 21).
Spin Labeling Procedure. This procedure was described in

previous reports (19, 20). Since it was observed that free cysteines
were oxidized in the recombinant lipase recovered from Pichia
culture medium, the recombinant proteins were initially reduced

with DTT prior to the spin labeling reaction with (1-oxy-2,2,5,5-
tetramethyl-Δ3-pyrroline-3-methyl)methanethiosulfonate (MTSL;
TorontoResearch Chemicals Inc., Toronto, Canada) for 1 h in ice.
Upon performing the labeling and EPR measurements with the
D249C HPL mutant for double spin labeling experiments, it
appeared however that disulfide bridges might be slighty cleaved
by DTT, and the resulting free cysteine might be also labeled with
MTSL as suggested by a large background absorption revealed by
EPR spectroscopy. In this case, the labeling procedure was there-
fore modified: the treatment by DTT was suppressed, and spin
labeling with MTSL was performed for a longer period (4 h) at
4 �C. Four consecutive additions ofMTSL at a 10 to 1 molar ratio
versus HPL were required. When a single addition of MTSL at a
40 to 1 molar ratio was used, HPL was found to precipitate. All of
the samples of HPL mutants treated with MTSL were checked by
EPR spectroscopy, and those giving an EPR spectral shape typical
of a labeled protein were pooled and concentrated at around 4 mg
of HPL/mL (80 μM).
EPR Data Collection by CW EPR Spectroscopy. The

spin-labeled HPL samples were injected into a quartz capillary
tube with a useful volume of about 20 μL for both room and
cryogenic temperature experiments, and the spin-labeled enzyme
concentration ranged from 40 to 80 μM.Spectrawere recorded at
room temperature (296 K) on an ESP 300E Bruker spectrometer
equipped with an ELEXSYS Super High Sensitivity resonator
operating at 9.9 GHz. EPR spectra of the same samples were
recorded at 150 K with an ELEXSYS E500 Bruker spectrometer
fitted with an Oxford Instruments ESR 900 helium flow cryostat.

For room temperature experiment, the microwave power was
set to 10 mW, and the magnetic field modulation frequency and
amplitude were 100 kHz and 0.1 mT, respectively. At 150 K, the
microwave power was set to 0.1 mW to avoid saturation of the
signal, and the magnetic field modulation frequency and ampli-
tude were 100 kHz and 0.4 mT, respectively.
EPR Data Collection by Pulsed EPR Spectroscopy.

DEER experiments were achieved with a Bruker ELEXSYS
E580 X band spectrometer using the standard MD5 dielectric
resonator and equipped with an Oxford helium temperature regu-
lation unit. All of the spectra were recorded at 70 ( 5 K. These
experiments were performed using the four-pulse DEER sequence
(π/2)ν1-τ1-(π)ν1-τ-(π)ν2-(τ1 þ τ2)-τ-(π)ν1-τ2-echo (22).
The pump pulse (ν2) length was set to 12 ns and applied at the
maximum of the nitroxide spectrum corresponding to themI = 0
transition line, and its amplitudewas optimized at themaximumof
echo inversion. The observer pulses (ν1) π/2 and π length were set
respectively to 12 and 24 ns and positioned at a 72 MHz higher
frequency corresponding to the transition mI=þ1. Signal pro-
cessing was achieved using the DeerAnalysis2008 software
package under Matlab (23). The signal was corrected by subtract-
ing the unmodulated background echo decay by using a homo-
geneous three-dimensional spin distribution. The Tikhonov
regularization was applied to the corrected dipolar evolution data
set to obtain the distance distributions (24).
Simulation of the RoomTemperature CWEPRSpectra.

The EPRSIM-C software program used to simulate the EPR
spectra was kindly provided by Dr. J. Strancar (University of
Ljubljana, Slovenia). This program is based on the so-called
motional-restricted fast-motion approximation and is described
in detail in refs 25 and 26. Five parameters were used to simulate
the EPR spectra: an effective rotational correlation time τ, two
angles, θ0 and j0, which describe respectively the amplitude and
the anisotropy of the spin label rotational motion within a cone,
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a residual width (w), and a scalar parameter pA which allows to
adjust the value of the principal values of the hyperfine tensor
describing the polarity of the environment of the probe. For a
given polarity of the milieu, the shape of the EPR spectrum of a
spin label grafted on a protein is governed by the partial
averaging of its hyperfine and g tensors. This partial averaging
is described by the values of the parameters τ, θ0, andj0, the two
last parameters being normalized by Ω = (θ0j0)/(π/2)

2, repre-
senting the free rotational space which varies from zero (totally
restricted movement) to 1 (unrestricted movement).
Simulation of the CWEPRSpectra at 150K. Themethod

used to simulate the EPR spectrum of a frozen solution of
noninteracting nitroxide spin labels was previously described in
Morin et al. (27). This home-built program was based on the
diagonalization of the spinHamiltonian describing the spin system
(Zeeman and hyperfine interaction), the determination of the
resonantmagnetic field and the associated transition probabilities,
and the evaluation of the line width of each transition line. For the
present study, we added to the model the calculation of spin-spin
interaction resulting from first-order dipolar interaction. The
simulation was performed to estimate how the EPR spectrum of
a frozen solution of spin-labeled HPL could be broadened by a
fraction of strongly interacting spin labels (around 25%) com-
pared to the EPR spectrum of a frozen solution containing 100%
of noninteracting labels and not to precisely determine the distance
between the closed spin labels. The calculated broadeningwas only
arising from the first-order dipolar interaction, even when the spin
labels were closed, which was a rough approximation since, in this
later case, spin exchange and second-order dipolar interactions
should be taken into account.
Molecular Dynamic Simulations. Molecular dynamics

simulations were performed with the CHARMM19 extended
atom force field (28). Spin label parameters and topology files
were taken from a study by Dr. Piotr Fajer reported in ref 29.
Initial atomic coordinates of HPL in its closed conformation
were retrieved from the Protein Data Bank (PDB ID 1N8S,
HPL-colipase complex). All atoms corresponding to the coli-
pase (chain C) were discarded. Serine residue 30B (numbering
introduced byWinkler et al. (7)) was renumbered 31 and residues
31- 404 were renumbered accordingly (32-405). Residue
Asp249 (Winkler’s numbering) was replaced by a cysteine residue
covalently linked to the MTSL nitroxide spin label using VMD
and the psfgen software package (http://www.ks.uiuc.edu/
Research/vmd/plugins/psfgen/). Missing coordinates were added
with the hbuild procedure in CHARMM. AMonte Carlo search
on the spin label torsion angles was used to define reasonable
starting conformations for the spin label as described pre-
viously (30). The three lowest energy conformers were used as
initial conformations. In addition, the three major χ1,χ2 rotamers
observed in T4 lysozyme were used as initial structures (31)
(Table 1). The structures were heated at 300 K (10 ps), equili-
brated (75 ps), and subjected to free molecular dynamics (5 ns).
Atoms beyond 30 Å of atom N1 of the spin label were fixed
during the simulation. Molecular dynamics simulations were
performed using a cutoff of 15 Å for nonbonded interaction. All
bonds between hydrogens and heavy atoms were constrained
with the SHAKE algorithm (32). An integration step of 1 fs was
used. For each conformer, four independent trajectories were
performed using different initial velocities.

Analyses were done with VMD (http://www.ks.uiuc.edu/
Research/vmd/). Statistical analyses were performed with the R
package.

RESULTS

Production and Biochemical Characterization of the
Wild-Type (wt) HPL and Mutants. In addition to wt-HPL,
two HPL mutants (D249C and C181Y-D249C) were produced in
the yeast P. pastoris and further purified as previously reported in
ref 19. The wt-HPL was used for introducing a single spin label at
position 181 where a free cysteine residue is naturally present and
accessible to solvent. TheHPLC181Y-D249Cmutantwas used for
introducing a single spin label at position 249 within the HPL lid,
after the substitution of C181 by a tyrosine residue. The HPL
D249C mutant contained two accessible free cysteine residues at
positions 181 and 249 for double spin labeling experiments. As
previously done for wt-HPL and the HPL C181Y-D249C mu-
tant (19), a biochemical characterization of the HPL D249C
mutant was performed before the EPR experiments. N-Terminal
sequencing confirmed that the signal peptide of this HPL mutant
was correctly processed in the yeast and that no additional proteo-
lytic cleavage occurred. MALDI-TOF analysis revealed a molec-
ular mass of 51754 ( 36 Da similar to the mass previously mea-
sured for the glycosylated wt-HPL polypeptide. The specific
activity on tributyrin of the spin-labeled HPL D249C mutant
was found to be 6466( 1078 units/mg in the presence of bile salts (4
mM NaTDC) and colipase. This enzyme activity was similar to
those previously recorded with HPL and the HPL C181Y-D249C
mutant (19).
HPL Spin Labeling and Yield. The yield of protein spin

labelingwas estimated from the double integration of theCWEPR
spectra of the labeled HPL recorded under nonsaturating condi-
tions and at room temperature and compared with that given by a
3-carboxyproxyl sample of known concentration. Typical values
obtained for the labeling yield were 70% spin label per protein
molecule for a single spin label grafted at either position 181 (wt-
HPL) or 249 (C181Y-D249C HPL mutant) in HPL and 140%
whenHPLwas simultaneously labeled on both sites using theHPL
D249Cmutant. Assuming that each site was labeled with the same
yield (70%), the proportion of bi-, mono-, and nonlabeled enzymes
was estimated to be 49% (product of the labeling yield for both
sites, 0.7� 0.7), 42% (twice the product of the labeling yield for the
first site and the nonlabeling proportion for the second site, 2� 0.7
� 0.3), and 9% (product of the nonlabeling proportions for both
sites, 0.3 � 0.3), respectively. Since the total HPL concentration
was 80 μM, the respective concentrations of bi-, mono-, and
nonlabeled HPL were estimated to be 39, 34, and 7 μM.
Observation of the Magnetic Interaction between the

Two Spin Labels Grafted at Positions 181 and 249 (Lid) of
HPL. (A) Pulsed EPR Spectroscopy. DEER experiments
were performed with double spin-labeled HPL in order to
measure the variations in the distance distributions during the
lid opening process. Taking into account the low concentration of
the bilabeled HPL (39 μM), DEER experiments data sets were
recorded for 12 h at 70 K.

Table 1: Initial χ1 and χ2 Dihedral Angles Used in MD Simulations

rotamer χ1 χ2

1 305 120

2 60 230

3 292 53

t,p 180 60

t,m 180 270

m,m 280 310
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Figure 1A displays the experimental time domain data
acquired with bilabeled HPL alone in solution and the homo-
geneous background function used to correct the unmodulated
part of the dipolar echo decay (Figure 1B). The interspin distance
distribution was extracted from the Tikhonov regularization of
the corrected time domain spectrum. When HPL was alone in
solution, a single distance distribution of 19 ( 2 Å was found
(Figure 1C). The interspin distance distribution was shifted to
42( 2 Å in the presence of bile salts and colipase and to 46( 2 Å
when the pH value was decreased from 6.5 to 4.5, these
conditions being known for inducing the lid opening. These
results indicated that the lid residue 249 was clearly pushed away
from residue 181. The distance distributions obtained from
Tikhonov regularization also showed minor peaks between 25
to 35 Å (Figure 1C). These peaks are generally considered as
artifacts generated by the mathematical processing of data, but
the timedomain data contained a fast decaying componentwhich
was probably due to distances shorter than 42 Å between some
spin labels. These minor peaks might therefore be due to minor
intermediate conformations of theHPL lid leading to distances in
between 19 Å (closed conformation) and 42 Å (open con-
formation) between the labels grafted at positions 181 and 249.
There is also a possibility that these peaks resulted from a small
fraction of unfolded HPL present in the sample as suggested by
the simulation of the room temperature CW EPR spectra, but
specific activity measurements performed prior to DEER experi-
ments indicated that most HPL was correctly folded and the
proportion of unfoldedHPL is probably too small to be observed
with DEER experiments.

(B) CW EPR Spectroscopy. Figure 2A0 displays the
absorption spectrum at room temperature of the bilabeled
HPL (positions 249 and 181) alone in solution compared to the
spectrum of an equimolar mixture of C181 and C249 mono-
labeled HPL molecules. Strong magnetic interactions in the
bilabeled HPL are revealed by the broadening of the absorption
spectrum compared to the reference one. As the spectra were
normalized to their integrated intensities, this broadening was
characterized by a decrease of the central peak and by the
presence of large outer wings. Since the slope of these enlarged
outer wings was weak, the broadening was more visible in the
absorption spectra (Figure 2A0) than in the first derivative ones
(Figure 2A).

To check whether this broadening of the outer wings was due
to a magnetic interaction of the spin labels, the EPR spectrum of
the bilabeled HPL was recorded in the presence of colipase at
a molar excess of 2 and 4 mM NaTDC to induce the opening of
the HPL lid (65% open conformation (19)). In this case, the

extension of the outer wings disappeared: the magnetic field
rangewhere the absorption takes place was nearly identical to the
one observed in the absorption spectrumof an equimolarmixture
of C181 and C249 monolabeled HPL molecules in the closed
conformation (Figure 2A0,B0).

These results show that the opening of the lid dramatically
weakens the strong intramolecular magnetic interaction between
spin labels observed when the HPL is in its closed conformation.
Moreover, the large extension of the outer wings observed for the
bilabeled HPL in the closed conformation indicates that the
interspin distance is probably lower than 10 Å.

It is worth noting that when the lid opens, the variations of the
shapes observed for the low- and high-field peaks are largely due
to the influence of the variation of the mobility of the spin label
grafted at position 249 when this opening takes place and
moderately to the interaction between spin labels (Figure 2B0).

In order to detect only the influence of themagnetic interaction
between spin labels, we suppressed the influence of mobility of
these labels by recording EPR spectra of frozen solutions (150K)
of the bilabeled HPL in the closed and open conformations
(Figure 2C0). A broadening of the absorption spectrum was still
observed for HPL in the closed conformation compared to the
open one. In the presence ofNaTDCand colipase, the absorption
spectrumof the bilabeledHPLwas found to be nearly identical to
those recorded with monolabeled HPL at either position 181 or
249 (data not shown). No significant magnetic interaction
between the two spin labels was therefore detectable in the
presence of NaTDC and colipase under cryogenic conditions.
Simulation of the Room Temperature CW EPR Spectra

of the Spin Label Grafted on the HPLLid. The simulation of
the CWEPR spectrumof the spin label grafted at position 249 on
the HPL lid was first performed for the enzyme alone in solution,
i.e., with the lid in the closed conformation (19). The best fit to the
experimental EPR spectrumwas obtainedwith three components
(Figure 3A and Table 2). Two narrow-shaped components
corresponding to spin labels with moderate mobility were found
to largely contribute to the overall spectrum in nearly equal
proportions (40% and 50%, respectively). It is worth noting that
the term “mobility” takes into account both the rate of the
rotational motion (described by τ) and the geometrical restric-
tions defining the anisotropy of the rotational motion (described
byΩ). A third component corresponding to a spin label having a
minor contribution to the overall spectrum (10%) was also
required to obtain the best fit. This might result from the fact
that some spin labels might be grafted on a small fraction of
unfolded HPL that could not be detected by the classical
biochemical analysis (enzyme activity and protein concentration

FIGURE 1: DEER experiments. (A) Experimental time domain data for bilabeled HPL alone in solution (black line) and homogeneous
background function (gray line) used for correction of the unmodulated part of the spectrum. (B) Corrected experimental time domain data
obtained in three conditions: HPL alone (solid line), in the presence of bile salts and colipase (dashed line), and at pH = 4.5 (dotted line). (C)
Distance distributions obtained by Tikhonov regularization methods.
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assays) used for monitoring the production of HPL samples. The
presence of residual free radical was excluded since the mobility
would have been much higher.

The simulation of the CW EPR spectrum of the spin label
grafted at position 249 on theHPL lidwas then performed for the

enzyme in the presence of micellar concentration of bile salts
(4 mM NaTDC) and colipase in molar excess. Under these
conditions, it was previously shown that the respective propor-
tions of HPL molecules with the lid in the closed and open
conformations were 35% and 65%, respectively (19). Upon

FIGURE 2: CW EPR spectra of mono- and bilabeled HPL. Panels A, B, and C are showing original derivative spectra measured with field
modulation and panels A0, B0, and C0 the corresponding absorption spectra obtained from the integration of the conventional derivative spectra.
(A, A0) Comparison of the spectra of the bilabeled HPL (positions 181 and 249; solid line) and the sum of the monolabeled HPL in equivalent
proportion in the closed conformation (dotted line), recorded at room temperature. (B, B0) Comparison of the spectra of the bilabeledHPL alone
in solution (closed conformation; solid line) and in the presence of 4 mM bile salts and colipase at a molar excess of 2 (65% open conformation;
dotted line), recorded at room temperature. (C, C0) Comparison of the spectra recorded at 150 K for the bilabeled HPL alone in solution (solid
line) and in the presence of bile salts and colipase (dotted line). All spectra have been normalized to their integrated intensities.

FIGURE 3: SimulationofEPR spectra anddecomposition in individual components for theHPLalone in solution (A) and in the presence of 4mM
NaTDC and a molar excess of colipase (B). Simulations of the spectra were performed using the EPRSIM-C software program (25). See Table 2
for the parameters describing each spectral component.
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simulation of the overall EPR spectrum, four components were
required to obtain the best fit (Figure 3B and Table 2). As for the
previous case, a minor fast motion component (5%) needed to be
introduced. A major broad-shaped component was found to
contribute to 60% of the whole spectrum. This component
corresponds to the fraction of theHPL in the open conformation,
according to our previous study (19). Two narrow-shaped
components were found to represent 35% of the whole spectrum,
and their shapes were nearly identical to those obtained for the
EPR spectrum corresponding to HPL with the lid in its closed
conformation (Figure 3 and Table 2). These two proportions
(60%broad and 35%narrow shapes, respectively) were therefore
highly similar to those estimated directly from the experimental
spectrum. Hence, both the spectral shapes and the proportion of
the two narrow-shaped components indicated that they result
from spin labels in the enzyme fraction that has remainedwith the
lid in the closed conformation. These two narrow components
might be attributed to the presence of two conformational
subensembles of the spin label side chain at position 249 when
the lid is closed. On the other hand, the appearance of only one
broad-shaped component upon lid opening suggests that only
one conformational subensemble is present in the open HPL.

We simulated the EPR spectra obtained when the conforma-
tion of the HPL lid was progressively shifted from the closed to
the open one using NaTDC in the presence of colipase (see
experimental results in ref 19). The largest proportion of the open
conformation that could be obtained was 65%. The variations in
each spectral component plotted as a function of NaTDC
concentration are shown in Figure 4. The proportions of
the two narrow-shaped components were found to decrease

simultaneously when the NaTDC concentration and therefore
the proportion of HPL in the open conformation were increased.
Conversely, the broad-shaped component appeared and in-
creased with NaTDC concentration above 0.5 mM, with a
maximum level reached when the proportions of the two
narrow-shaped components were the lowest. These results there-
fore suggest a transition of the spin labels from two distinct
environments with moderate mobility to a single environment
with low mobility.
Molecular Dynamics of the Cysteine Lateral Chain

Labeled with MTSL at Position 249 of the Closed HPL.
The root-mean-square deviations (rmsd) forCR atomsduring the
time course of the different simulations were between 0.5 and 1 Å,
indicating that the simulated system was stable. The X-ray
crystallography structure of HPL has shown that the lid thermal
factor is high (7, 10), and as expected the root-mean-square
fluctuation (rmsf) of the backbone revealed that the spin label is
located in a flexible region. MD simulations showed two major
conformational subensembles of the labeled C249 side chain
characterized by their χ1 and χ2 dihedral angles (Figure 5). The
average observed value for χ1 was around 300� for both
conformations whereas values of 120� and 260� were found for
χ2. Multimodal distributions were also observed for the other χ3,
χ4, and χ5 angles of the spin label in theMDsimulations (data not
shown). Two representative conformations were extracted from
these results to estimate distances between spin labels from 3D
models shown in Figure 6.

DISCUSSION

Evidence for Distinct Conformational Subensembles of
the Spin Label Grafted to the Closed Lid of HPL. Experi-
ments performed with concentrated samples (>100 μM) of HPL
spin labeled at position 249 revealed that the EPR spectrum

Table 2: Parameters Extracted from the Simulation of the CW EPR Spectra

simulation parameters

τc (ns) Ω θ0 j0

fast motion component 0.20 0.92 1.57 1.45

closed HPL alone in solution narrow shape component 1 2.70 0.80 1.35 1.45

narrow shape component 2 2.80 0.47 0.90 1.30

open HPL in the presence of

4 mM NaTDC and a molar

excess of 2 in colipase

narrow shape component 1 2.60 0.74 1.30 1.40

narrow shape component 2 2.80 0.44 0.90 1.20

broad shape component 2.85 0.22 0.60 0.90

FIGURE 4: Variations with bile salt concentration in the proportion
of the individual spectral components obtained by simulation of the
experimental spectra.

FIGURE 5: Populations of χ1 and χ2 dihedral angles obtained by
molecular dynamics for the side chain of cysteinemodified byMTSL
at position 249 of the closed HPL.
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corresponding to the closed conformationof theHPL lidwas in fact
composite. The simulation of this EPR spectrum required the intro-
duction of two narrow-shaped components of nearly equal weights.
These components correspond to distinct environments and mod-
erate mobilities of the nitroxide spin label (Figure 3A and Table 2)
that could result from either two different closed conformations of
the lid or the existence of two distinct side chain conformational
subensembles in a single closed conformation of the lid.

Concerning the first hypothesis, only one closed conformation
of the HPL lid was observed so far by X-ray crystallography
(7, 33). An intermediate conformation between the closed (in-
active) and open (fully activated) conformations of Thermomyces
(Humicola) lanuginosa lipase was however observed (34). This
intermediate conformation, in which the active site remained not
accessible to the solvent, was considered as a step occurring in the
first phases of the lipase activation (opening of the lid). Discrete
structural changes were observed upon the transition from the
closed to this intermediate conformation, such as the isomeriza-
tion of a disulfide bond synchronized with the flipping of an
arginine located in the lid’s proximal hinge. Changes of this kind
might also occur in HPL and affect the conformation of amino
acid side chains in the lid without a full opening of the active site.
A spin label grafted to a residue in the lid might then be split into
distinct populations showing slightly different but still moderate
mobilities, whereas the drastic conformational change that
occurs when the lid opens leads to the quasi immobilization of
the spin label grafted at position 249 (Figure 3B). As suggested
for the lipase of T. lanuginosa, an intermediate but still closed
conformation of the HPL lid might then evolve toward the open
one in a more favorable way than the closed conformation.

The second hypothesis of two distinct side chain conforma-
tional subensembles existing in a single closed conformation of
HPL was supported by molecular dynamics experiments, show-
ing the existence of two major conformational subensembles for
the C249 side chain chemicallymodified byMTSL (Figures 5 and
6 and Table 1). Using the notation of Lowell (35), these two

conformational subensembles adopt a m120 state (χ1=-60�;
χ2=120�) and a m-100 state (χ1=-60�; χ2=-100�). Since MD
were performed at 300 K, one could argue that the distribution
within the subensemble may not reflect exactly the population
ensemble due to insufficient conformation sampling (36, 37). It
has been shown, however, that the use of stochastic dynamics
simulations as was performed in this study leads to better
conformation sampling (38). In addition, the use of CMAP
correction with the CHARMM force field improves the treat-
ment of Φ and ψ dihedral angles (39). Two conformational
subensembles of spin-labeled cysteine lateral chains have been
previously observed by X-ray crystallography for T4 lyso-
zyme (31, 40-42) and predicted by molecular dynamics for
RalGDS-like protein 2 (43). The corresponding EPR spectra
were found to contain two components which were attributed to
these conformational subensembles in both spin-labeled T4
lysozyme (40) and RalGDS-like protein 2 (43): the conversion
time between the two conformational subensembles, governed by
the high energy activation of the disulfide bond Sγ-Sδ present in
the side chain, was sufficiently slow to observe the two compo-
nents with X band EPR spectroscopy. In T4 lysozyme, these
conformational subensembles were always observed in exposed
R-helices. In the present study, the spin label conformational
subensembles were also identified for an exposed position
(residue 249) located in an R-helical region when the HPL lid is
in the closed conformation: the short R-helix sitting on the top of
the active site entrance (7). When the lid opens, residue 249 is still
exposed to solvent but becomes located in a turn between two
novelR-helices, andweobserved only one component for the spin
label in this case. The simultaneous disappearance of the two
narrow-shaped components when the lid opens (Figure 4) is a
strong support for this second hypothesis versus the existence of
two distinct conformations of the closed lid.
Distance Estimation between Spin Labels andAmplitude

of the LidOpening inHPL.Distance distributions between the
labels grafted on the lid and at position 181 were estimated from

FIGURE 6: Structural modeling of spin labels grafted to cysteine residues inHPL. (A) Surface representation ofHPLwith the lid (blue surface) in
the closed conformation, (B) surface representation of HPL with the lid (blue surface) in the open conformation and the active site accessible to
solvent (the surface of the active site serine residue is colored in red, and (C) distances between the oxygen atoms of spin labels measured in silico.
Atomic coordinates of HPL in its closed and open conformations were retrieved from the Protein Data Bank (closed HPL, PDB ID 1N8S; open
HPL, 1LPB). The spin label at position 181 (MTSL-CYS181) is shown inmagenta color in both closed and openHPL. The spin label at position
249 is shown in three different situations: two rotamers representative of the conformational subensembles observed byMDwhen the lid is closed
(MTSL-CYS249-Rot1 colored in green andMTSL-CYS249-Rot2 colored in yellow, panelsA andC) and the single conformationmodeled in the
open structure of HPL (MTSL-CYS249 colored in green in panels B and C). This figure was generated using the PyMOL software program
(http://www.pymol.org/).
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the analysis of their dipolar interaction by the way of the double
electron-electron resonance (DEER) method implemented on a
pulsed EPR spectrometer. An estimation of these distances was
also performed using the CW EPR spectra obtained at room
temperature and 150 K.

Since we have two populations of the spin labels at position
249 in the closed conformation of the enzyme and one population
for the same spin label in the open conformation (Figure 6), it was
expected that we should measure two distances between nitr-
oxides at position 181 (one population) and position 249 (two
populations) when HPL is in the closed conformation, and three
distances for the sample containing a mixture of closed (35%)
and open (65%) conformations of the enzyme in the presence of
bile salts and colipase.

With the DEER measurements and HPL in the closed con-
formation, a single mean distance of 19 ( 2 Å between the spin
labels was however measured (Figure 1). The two distances
expected between the two populations of the spin label at position
249 and the spin label at position 181 might therefore be either
equal or more probably one of the two distances might be lower
than 15 Å, the smallest value that can be measured by this
technique. Indeed, the broadening observed on the CW EPR
spectrum indicated that a fraction of double spin-labeled HPL in
the closed conformation contained spin labels involved in a strong
magnetic interaction and therefore separated by a short distance
(Figure 2). These results are well supported by the structural
modeling of spin-labeled HPL using known 3D structures and the
results of molecular dynamics, with two values of 20 and 7 Å
estimated for the distances between the nitroxide at position 181
and the two representative conformational subensembles at posi-
tion 249 (Figure 6A,C). Themodeling of the side chain of the spin-
labeled C181 residue did not require MD simulations since its
conformation was found to be drastically constrained by the local
environment, and it was adjusted manually.

When the lid opening was induced by bile salts and colipase, the
CW EPR spectrum at room temperature did not show this strong
interaction anymore (Figure 2B0). Since the concentration of
bilabeled HPL was 39 μM and 65% of HPL was in the open con-
formation, the concentration of the bilabeled and open HPL con-
tributing to theCWEPR spectrumwas estimated to be 25 μM.The
absence of detectable interaction between spin labels was therefore
not due to low concentrations of bilabeledHPLbutwasmerely due
to a distance greater than 20 Å between the spin labels, the limit
value for detecting magnetic interaction with CW EPR. This is
consistent with X-ray crystallography data showing that the max-
imum value of CR displacement was 28-30 Å for the lid residues
uponopening (Figure 6A,B).On the other hand, since 35%ofHPL
remained with the lid in the closed conformation, one could expect
that some strong interaction between spin labels might still be seen
from the CW EPR spectrum. The concentration of bilabeled HPL
remaining in the closed conformation was however estimated to be
only 14μM,andonly one spin label conformational subensemble at
position 249 could give a strong interaction with the spin label at
position 181. Since the two spin label conformational subensem-
bles at position 249 were estimated to be in equal proportions
(Figures 4B and 5), the concentration of bilabeled and closed HPL
that could give a strong interaction between spin labels (distance
lower than 10 Å) was found to be close to 7 μM (i.e., 9.4% of spin-
labeled HPL). The overall EPR spectrum was therefore resulting
from more than 90% of noninteracting or weakly interacting spin
labels, and it is not surprising that no strong magnetic interaction
was detected from the CW EPR spectrum. Concerning the spectra

recorded at 150 K (Figure 2C0), we checked that the spectrum
recorded for HPL in the presence of bile salts and colipase was not
broadened by dipolar interaction (data not shown). ForHPL alone
in a frozen solution at 150 K (i.e., in the closed conformation of
HPL), the observation of a broadening of the EPR spectrum was
thus attributed to a magnetic interaction arising from a fraction of
bilabeled molecules with two closed radicals. This broadening was
however moderate (Figure 2C0). Since the EPR spectrum resulted
from the contribution of 34 μMmonolabeled HPL molecules (i.e.,
47%), 19.5 μM bilabeled HPL molecules (i.e., 26.5%) with spin
labels separated by amean distance of 19 Å, and 19.5 μMbilabeled
HPLmolecules (i.e., 26.5%) with spin labels separated by adistance
of about 8-10 Å, it was checkedwhether 26.5%of the spin-labeled
HPL molecules with closed and strongly interacting spin labels
could have such a moderate effect on the overall EPR spectrum of
spin-labeled HPL in a frozen solution, as compared to the EPR
spectrum of a frozen solution containing 100% of noninteracting
labels. For this purpose, the EPR spectrum of the frozen solution
was simulated (seeMaterials andMethods section) using the above
proportions of monolabeled and bilabeled HPL molecules and, in
this latter case, interspin label distances equal to 19 and 8-10 Å.
This simulation was found to be consistent with the experimental
spectrum (result not shown).

TheHPL lid opening by bile salts was confirmed by theDEER
experiments performed with pulsed EPR. A single mean value of
42 ( 2 Å was estimated for the distance between the spin labels
grafted at position 181 and on the lid at position 249 (Figure 1).
The distance between these nitroxides was therefore increased by
a factor of 2 in the presence of bile salts and colipase. Again, these
results are well supported by the structural modeling of spin-
labeled HPL using the known 3D structure of HPL in the open
conformation, with a value of 42 Å estimated for the distance
between the nitroxides at positions 181 and 249 (Figure 6B,C).
The various conformations tested for the side chain of the spin
label at position 249 all gave distances in the 40 Å range and lower
distances appeared to be impossible since this spin label was on
the opposite side of the open lid versus the spin label at position
181 (Figure 6B). Here again, it was surprising to observe only one
distance corresponding to the openHPLwhereas the sample also
contained 35% HPL in the closed conformation, and two addi-
tional distances were expected in association with the two spin
label conformational subensembles at position 249 of the closed
HPL lid. We have seen previously that one of these distances
(lower than 10 Å) is too small to be estimated by DEER experi-
ments. The distance between the second spin label conformational
subensemble at position 249 and that at position 181was estimated
to be 19 Å, and the interaction between these spin labels could
therefore be detected by DEER (distances >15 Å). But the
residual concentration of bilabeled and closedHPL corresponding
to this situation was however estimated to be close to 7 μM, and it
is not surprising that this contribution was not detected by DEER
for sensitivity reasons.

In conclusion, EPR spectroscopy allowed the measurement of
two distances corresponding to the closed and the open con-
formations of theHPL lid, respectively. The amplitude of the side
chain displacement for residue 249 was estimated to be 24 Å, a
value similar to that deduced from X-ray 3D structures of
HPL (10). The DEER method is therefore a valuable tool for
measuring the amplitude of the HPL lid opening in a frozen
solution. The use of both CW and pulsed EPR spectroscopy, as
well as the identification of spin label conformational subensem-
bles, was however requested for interpreting correctly the results.
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These experiments supported the existence of two spin label
conformational subensembles at position 249 when HPL is in its
closed conformation, these spin labels being separated from the
spin label at position 181bydistances lower than 10 Å and equal to
19 Å, respectively. These values are compatible with the results of
molecular dynamics and X-ray crystallography (Figures 5 and 6).

More importantly, the present findings confirmed the previous
attribution of distinct EPR spectra to the closed (narrow-shaped)
and open (broad-shaped) conformations of the HPL lid. This
attribution was indirectly based on experiments performed with
the E600 inhibitor bound to the active site and blocking HPL in
the open conformation (19). The broad-shaped EPR spectrum of
monolabeledHPL at position 249was always recorded under the
same conditions that allowed to measure the maximum ampli-
tude of the lid opening with bilabeled HPL and DEER experi-
ments: either by using bile salts and colipase (42 Å) or by lowering
the pH to 4.5 (46 Å), this later condition also promoting the lid
opening in HPL (20).

The previous work by Belle et al. allowed to quantify the
equilibrium between the closed and the open conformation of
HPL in solution and to establish that it was a reversible
process (19). The present work allowed to quantify the lid
opening process in solution and in frozen solution by measuring
the displacement of one residue located within the lid. Although
the distances estimated from EPR experiments are similar to
those already deduced from X-ray crystallography, these pre-
vious results were obtained in a crystal structure. When various
conformations of the lipase lid were observed for the first time,
the question was raised whether these conformations could exist
in solution or resulted from crystal packing constraints. The data
presented here support the existence of HPL conformations in
solution identical to those observed in the enzyme crystals. This is
an important step forward in the understanding of HPL struc-
ture-function relationships under conditions closer to those
found in the physiological environment of the enzyme. It is
worth noticing that the enzyme concentration (micromolar) in
the samples used for EPR experiments is in the same range as the
meanHPL concentrationmeasured in samples collected from the
small intestine during a meal (250 μg/mL or 5 μM (44)).

The next step will consist of experiments performed with lipids
to investigate the lid opening process when the HPL binds at a
lipid-water interface. The existence of two spin label conforma-
tional subensembles with moderate mobility is the fingerprint of
the lid in its closed conformation, and this property might be
particularly useful for such a study.
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