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A B S T R A C T

Usual methods for the continuous assay of lipolytic enzyme activities are mainly based on the titration of free
fatty acids, surface pressure monitoring or spectrophotometry using substrates labeled with specific probes.
These approaches only give a partial information on the chemistry of the lipolysis reaction and additional end-
point analyses are often required to quantify both residual substrate and lipolysis products. We used transmission
infrared (IR) spectroscopy to monitor simultaneously the hydrolysis of phospholipids by guinea pig pancreatic
lipase-related protein 2 (GPLRP2) and the release of lipolysis products. The substrate (DPPC, 1,2-Dipalmitoyl
phosphatidylcholine) was mixed with sodium taurodeoxycholate (NaTDC) to form mixed micelles in D2O buffer
at pD 6 and 8. After hydrogen/deuterium exchange, DPPC hydrolysis by GPLRP2 (100 nM) was monitored at
35 °C in a liquid cell by recording IR spectra and time-course variations in the CO stretching region. These
changes were correlated to variations in the concentrations of DPPC, lysophospholipids (lysoPC) and palmitic
acid (Pam) using calibration curves established with these compounds individually mixed with NaTDC. We were
thus able to quantify each compound and its time-course variations during the phospholipolysis reaction and to
estimate the enzyme activity. To validate the IR analysis, variations in residual DPPC, lysoPC and Pam were also
quantified by thin-layer chromatography coupled to densitometry and similar hydrolysis profiles were obtained
using both methods. IR spectroscopy can therefore be used to monitor the enzymatic hydrolysis of phospholipids
and obtain simultaneously chemical and physicochemical information on substrate and all reaction products (H-
bonding, hydration, acyl chain mobility).

1. Introduction

Many methods and techniques have been used for the detection and
assay of lipolytic enzymes (Beisson et al., 2000; Mateos-Diaz et al.,
2012). Some of these methods rely on the release of hydrolysis pro-
ducts, mainly the fatty acids, or the consumption of the substrate and
can be used for the continuous assay of enzyme activities and for
monitoring enzyme kinetics. Among them, titrimetry of free fatty acids
(FFA) released during the lipolysis reaction is a common method that
has been applied to the assay of lipase activity on various triglyceride
emulsions, as well as phospholipase and galactolipase activities on
micellar substrates (Amara et al., 2009; Brockman, 1981; de Haas et al.,
1968; Dennis, 1973; Desnuelle et al., 1955; Gargouri et al., 1986).
Other common methods are based on spectrophotometry using fluor-
escent (parinaric acid (Beisson et al., 1999)) or UV-absorbing (α-

eleostearic acid (El Alaoui et al., 2016; Mendoza et al., 2012; Pencreac'h
et al., 2002; Serveau-Avesque et al., 2013), punicic acid (Ulker et al.,
2016)) fatty acids present in natural or synthetic substrates, fluorescent
probes grafted onto the lipid substrate such as boron-dipyrromethene
(BODIPY® (Feng et al., 2002; Heinze and Roos, 2013)) or pyrene (Negre
et al., 1988), pH indicators sensitive to FFA release (Camacho-Ruiz Mde
et al., 2015; Mateos-Diaz et al., 2012; Sutto-Ortiz et al., 2017) or simply
color developing reagent reacting with FFA (Kwon and Rhee, 1986).
Because these assays do not allow monitoring the supramolecular as-
sembly of the substrate and changes occurring upon lipolysis, assays
based on interfacial tensiometry (monomolecular films (Ransac et al.,
1991; Verger and de Haas, 1973, 1976), oil-drop tensiometer
(Labourdenne et al., 1994; Nury et al., 1987)) have been developed,
but they are limited to the kinetic characterization of highly purified
enzymes and are impaired by the presence of surfactants.
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Chromatographic techniques (GC, HPLC, TLC) coupled with various
detection methods usually provide a more complete description of the
lipolysis reaction with the parallel analysis of residual substrate and
hydrolysis products (Ackman et al., 1990; Cavalier et al., 2009;
Tarvainen et al., 2011). Although these methods often allow a complete
and quantitative analysis of lipolysis products, they require an extrac-
tion step prior to the analysis itself and cannot be used for a direct and
continuous assay of the reaction kinetics. Moreover, the extraction step
has to be validated with reference standards in order to ensure the full
recovery of lipolysis products and eventually apply correction factors if
the recovery is not complete (Cavalier et al., 2009). The various assays
described above have often to be combined for a better understanding
of lipolytic enzyme activity on complex lipid substrates. This is a time-
consuming and laborious approach and there is a quest for single
methods giving access to overall enzyme activity, quantification of re-
action products and physico-chemical information on lipid assemblies
at the same time. Here we explore the use of Infrared (IR) spectroscopy
for studying enzyme-catalyzed lipolysis reactions.

IR spectroscopy is a versatile technique based on the vibrational
state of atomic bonds and thus it is a suitable technique for the study of
chemical changes and physicochemical properties simultaneously
(Lewis and McElhaney, 2013; Mendelsohn and Moore, 1998; Snabe and
Petersen, 2002). There are already some publications reporting the use
of transmission IR spectroscopy to investigate lipase-catalyzed hydro-
lysis of TAGs in reverse micelles and organic solvent (O'connor and
Cleverly, 1994 Walde and Luisi, 1989). In other studies, changes in the
secondary structure of phospholipase A2 (PLA2) upon interaction with
lipids and during hydrolysis were investigated using by both attenuated
total reflection (ATR) and transmission IR spectroscopy (Kennedy et al.,
1990; Tatulian, 2001; Tatulian et al., 1997), but lipid hydrolysis was
not directly studied by IR spectroscopy. Snabe et al. proposed an ATR-
IR spectroscopy method to monitor the hydrolytic activity of Fusarium
solani cutinase on surface-coated film of triglyceride (Snabe and
Petersen, 2002). The use of supported lipid films on the ATR crystals
was however limited by the possible film disruption and/or desorption
of both substrate and lipolysis products from the surface in the course of
the reaction and in the presence of surfactants (Snabe and Petersen,
2002). Much of the spectral information gained in these previous stu-
dies was not exploited, probably due to the molecular complexity and
dynamics of the systems investigated. To limit this complexity, we
previously investigated by IR spectroscopy the first step of the lipolysis
reaction, i.e. the interfacial recognition of supersubstrates, using an
inactive variant of guinea pig pancreatic lipase-related protein 2
(GPLRP2 S152G; see the accompanying paper by Mateos-Diaz et al.
(Mateos-Diaz et al., 2017)) and we were able to identify specific
changes in the IR spectrum of DPPC reflecting the interaction of the
GPLRP2 variant with DPPC-bile salt micelles.

The present work was performed using the same DPPC-bile salt
micelles and the active GPLRP2 enzyme. We propose a new and rela-
tively simple method to measure phospholipase activity on phospho-
lipid-surfactant mixed micelles using transmission IR spectroscopy in
D2O. The time-course hydrolysis of DPPC has been monitored by re-
cording IR-spectra of the entire reaction mixture as a function of time.
Kinetics of the reaction, lipolysis product quantification and some
changes in the physicochemical properties of the reaction mixture were
followed using characteristic regions of the IR spectrum: hydrophobic
acyl chain CH stretching, interfacial CO and COO− stretching bands
and the PO and ROPOR headgroup vibrations.

2. Materials and methods

2.1. Reagents

1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) and 1-palmi-
toyl-2-hydroxy-sn-glycero-3-phosphocholine (lysoPC), both> 99%
purity, were obtained from Echelon Biosciences Inc. Palmitic acid

(Pam), sodium taurodeoxycholate (NaTDC), 2-(N-morpholino)-ethane-
sulfonic acid (MES), 2-Amino-2-(hydroxymethyl)propane-1,3-diol
(Tris), 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES),
deuterium oxide (D2O) 99.9%, benzamidine and dithiothreitol (DTT)
were purchased from Sigma-Aldrich. Heptane, ethyl ether, acetic acid,
chloroform and methanol were all HPLC grade from Carlo Erba.
Calcium chloride (CaCl2) and sodium chloride (NaCl) were obtained
from Euromedex.

2.2. Production and purification of recombinant GPLRP2

Recombinant wild-type GPLRP2 was produced and purified as pre-
viously described in the accompanying article (Mateos-Diaz et al.,
2017).

2.3. Preparation of DPPC-NaTDC mixed micelles

Monodispersed mixed micelles of DPPC and NaTDC were prepared
as described in the accompanying article (Mateos-Diaz et al., 2017)
using either 100 mM MES or 100 mM Tris buffers for experiments at pH
6 or 8, respectively. Both buffer solutions also contained 150 mM NaCl,
5 mM CaCl2 and 50 mM NaTDC. The final DPPC concentration was
68 mM (5%, w/v) and the DPPC to NaTDC molar ratio was 1.36. For IR
studies, the micelles were prepared using D2O and 100 mM HEPES
buffer was used instead of Tris in all the experiments at pD 8. All the
steps involving D2O manipulation were performed under argon atmo-
sphere to avoid hydrogen/deuterium back-exchange and all the buffer
solutions were prepared considering that pD = pH + 0.4.

2.4. Hydrolysis of DPPC-NaTDC mixed micelles by GPLRP2

DPPC hydrolysis reactions were carried out using 5 pmoles of re-
combinant GPLRP2 added to 50 μL of the DPPC-NaTDC mixed micelles
(100 nM final enzyme concentration) at pD/pH 6 or 8 and 35 °C. This
reaction volume was adapted for monitoring DPPC hydrolysis by
transmission IR spectroscopy for 120 min. Similar reaction volumes
were used for studying DPPC hydrolysis by thin-layer chromatography
(TLC), but for each conditions of pH, six separate reactions were pre-
pared and incubated for 0 (control), 20, 40, 60, 80 or 120 min before
stopping the reaction by addition of the solvent for lipid extraction. This
procedure allowed the time-course analysis of lipolysis products by TLC
as described in section 2.6.

2.5. Analysis of DPPC hydrolysis by transmission infrared spectroscopy

Fifty μL of the DPPC hydrolysis reaction were placed and squeezed
between the two CaF2 transmission crystals with a 50 μm spacer of
polytetratfluoroethylenelene (Teflon). IR-spectra were then recorded
each 5 min during 2 h at 35 °C using a JASCO™ FT/IR-6100 Fourier
transform infrared spectrometer. All the spectral parameters were the
same used in the accompanying study (Mateos-Diaz et al., 2017). The
analysis of IR spectra was focused mainly on the carbonyl (CO) and
carboxylate (COO−) stretching bands. For the deconvolution of the CO
band spectra (when applies), an initial full width at mean height
(FWMH) estimation of 24 cm−1 was used (Lefevre and Subirade, 2000).

2.6. Extraction of lipolysis products and TLC analysis

Each 50-μL hydrolysis reaction dedicated to TLC analysis was
stopped by adding 50 μL of 1 N HCl solution and then diluted with
water to a final volume of 250 μL. For lipid extraction, 500 μL of
chloroform/methanol (2/1) (v/v) were added. After vigorous shaking
and phase separation, the lower organic phase was collected using a
Pasteur pipette and transferred to a 2 mL tube. It was dried with an-
hydrous MgSO4, which was then removed by centrifugation for 1 min at
1,000g. The lipid extracts in chloroform/methanol were kept at −20 °C
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until the TLC analysis was performed.
The presence of residual DPPC and released lipolysis products in the

different lipid extracts was assessed by TLC after spotting 25 μL of each
lipid extract on a 10 × 20 cm glass plates coated with 0.2 mm silica gel
60 (Merck) using a Linomat IV sample spotter (Camag, Muttenz,
Switzerland). Lipolysis product separation was achieved by a double
migration using first chloroform/methanol/water (65/35/5 v/v/v) and
second, heptane/ethyl ether/formic acid (55/45/1 v/v/v). After se-
paration, the plate was dried and lipolysis products were revealed by
charring the plate after dipping it with a mixture (50:50) (v/v) of sa-
turated solution copper acetate in water and 85.5% phosphoric acid.

The quantitative analysis of DPPC, lysoPC and Pam was performed
by densitometry at 500 nm with a CAMAG TLC scanner 3 (Camag,
Muttenz, Switzerland), using pure DPPC, lysoPC and Pam at different
concentrations as reference standards.

2.7. GPLRP2 activity measurements using the pHstat technique

Phospholipase activity of GPLRP2 was measured by automated ti-
tration of fatty acids released from stirred DPPC (16.3 mM) dispersions,
using 0.1N NaOH and a TTT80 Radiometer™ pH-Stat (Copenhagen).
Each assay was performed in a thermostated vessel (37 °C) containing
1 mM buffer (MES or Tris for pH 6 or 8, respectively) with 150 mM of
NaCl, 5 mM of CaCl2 and 12.5 mM of NaTDC (DPPC-to-NaTDC molar
ratio of 1.3). Back-titration at pH 9 was performed for assays at pH 6 to
avoid underestimating enzymatic activity due to partial ionization of
palmitic acid. One unit of enzymatic activity (U) corresponds to 1 μmol
of free fatty acid released per min.

3. Results and discussion

3.1. Overall changes observed in the IR spectrum upon lipolysis

The interpretation of the changes at the different regions of the IR
spectra reveals information about the fluctuations occurring in the vi-
brations of specific chemical bonds (Lewis and McElhaney, 2013;
Mendelsohn and Moore, 1998). Typically, peak-shifts, broadening or
narrowing, and differences in relative intensities may be related to
physicochemical changes occurring in a sample. In the case of DPPC
hydrolysis by GPLRP2, palmitic acid (Pam) and lysoPC molecules are
released, producing a rather complex lipid mixture with dynamic
physicochemical properties and multiple spectral features. Fig. 1A
shows the IR-spectra of a mixed DPPC-NaTDC micellar dispersion re-
corded before and after 120 min of hydrolysis by GPLRP2 at pD8. The
nature and intensity of the spectral changes caused by the hydrolysis of
DPPC vary considerably depending on the spectral region, but the main
vibrations of interest are the CH stretching vibrations of the hydro-
phobic acyl chains (asymmetric νasCH2 and symmetric νsCH2 at 2923
and 2854 cm−1), the carbonyl stretching vibration (νCO at
1735 cm−1), the carboxylate stretching vibration (νCOO− at
≈1500 cm−1), the CH2 scissoring vibration (νsciCH2 at ≈1470 cm−1)
and the head-group PO stretching vibrations (symmetric νsPO and
νsROPOR’ at 1089 and 1060 cm−1). Fig. 1B, shows in more detail the
CH stretching region (3000 to 2800 cm−1) and the slight peak-shift
toward lower wavenumbers as well as the change in intensity caused by
the hydrolysis. In the middle region of the spectrum (1800 to
1350 cm−1; Fig. 1C), drastic spectral changes can be observed, with an
overall decrease in intensity and band broadening of the νCO, the
concomitant apparition of the νCOO− and some changes on the νsciCH2.
Within the 1150 to 1000 cm−1 region (Fig. 1D), the head-group vi-
brations also present some changes, i.e. an overall shift toward lower
wavenumbers and changes in the relative intensities of the 1090 and
1060 cm−1 subcomponents. Since the changes occurring at the νCO and
νCOO− region are more intense and less affected by the contributions of
other vibrations, we focused on the analysis of this portion of the IR
spectrum during the hydrolysis.

3.2. Changes occurring in carbonyl and carboxylate stretching vibrations

The interfacial carbonyl group is highly implicated in the chemical
events occurring during DPPC hydrolysis and thus it is not surprising
that the most striking spectral changes are detected at the CO and
COO− stretching regions (Fig. 1C). The most specific spectral feature
that can be directly related to the action of GPLRP2 on DPPC is the
decrease in the intensity of the band around 1735 cm−1 that can be
attributed to the decrease in the concentration of the DPPC and other
diacyl glycerophospholipids (Gericke and Huhnerfuss, 1994; Grandbois
et al., 1999, 2000). The second most striking spectral change is the
increase in the intensity around 1700 cm−1, which has been associated
with protonated fatty acids (O'connor and Cleverly, 1994; Poulsen
et al., 2005). The global effect of these relative intensity changes is the
observed CO stretching shift toward lower wavenumbers and band
broadening indicating an overall increase in CO group populations with
higher degree of H-bonding and hydration (Hubner and Blume, 1998;
Lewis et al., 1994). The third most prominent feature is the appearance
of a doublet around 1576 and 1538 cm−1, that can be assigned to the
asymmetric carboxylate stretching (Kimura et al., 1986; Oomens and
Steill, 2008). All these combined changes in the IR spectrum give in-
formation about the substrate consumption and the release of hydro-
lysis products. Fig. 2 shows in more detail the changes occurring in the
νCO and νCOO− region (1800 to 1500 cm−1) directly in the raw
spectra (panels A and B) as well as in the difference spectra (panels C
and D) at pD 6 and 8 during 120-min hydrolysis by GPLRP2. At both
pD-values, the higher frequency subcomponent (around 1735 cm−1) of
the νCO decreases in intensity, which corresponds to DPPC hydrolysis,
while the lower frequency subcomponent (around 1700 cm−1) in-
creases, which corresponds to the production of protonated fatty acids.
These changes are stronger at pD 8 than pD 6. At pD 6, however, the
decrease in the intensity at 1735 cm−1 equals the increase observed at
1700 cm−1, while at pD 8 the increase in intensity at 1700 cm−1 is
almost a third of the decrease observed at 1735 cm−1. We also observe
that the peak at 1735 cm−1 shifts toward higher wavenumbers during
the hydrolysis at pD 8. The carboxylate stretching vibration (νCOO−;
doublet at 1576 and 1538 cm−1 doublet) is seen at pD 8 but not at pD 6,
which indicates that the palmitic acid released during the hydrolysis
reaction is not ionized at pD 6. This finding is consistent with the high
pKa values measured for long chain fatty acids (Kanicky et al., 2000;
Kanicky and Shah, 2003). Therefore, studying νCOO− variations is only
relevant for experiments at pD 8, at which long chain fatty acids are
largely ionized, while they are fully protonated at pD 6. For this reason,
we decided to focus only on changes occurring at the νCO for further
analysis of DPPC hydrolysis.

3.3. Calibration of IR absorbance versus concentration of DPPC, lysoPC
and pam standards

To estimate the concentrations of the residual substrate and released
products during the hydrolysis of DPPC-NaTDC micelles, we first es-
tablished a calibration of IR absorbance versus concentration using
dispersions of individual compounds (DPPC, lysoPC or Pam) in mixed
micelles with 50 mM NaTDC, at 35 °C. Fig. 3 shows the νCO of these
dispersions at pD 6 and 8, at concentrations ranging from 0 to 10% w/v
(≈ 0 to 130 mM) for DPPC, from 0 to 5% w/v (≈0 to 100 mM) for
lysoPC and from 0 to 5% w/v (0 to 195 mM) for Pam.

Maximum absorptions are observed at different wavenumbers for
DPPC (1735 cm−1), lysoPC (1725 cm−1) and Pam (1700 cm−1), as
indicated by dotted lines in Fig. 3. The line-shapes of the spectra are
also different, with DPPC νCO being slightly asymmetric compared to
lysoPC νCO. While DPPC and lysoPC νCO spectra are not significantly
different at pD 6 and 8, the Pam νCO spectra are highly dependent on
the pD-value, being more narrow and asymmetric at pD 6 and wider
and symmetric at pD 8 and high concentrations. Other interesting ob-
servations are the concentration-dependent peak-shifts observed
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towards lower wavenumbers for Pam νCO at pD 8, and towards higher
wavenumbers for DPPC νCO at both pD-values.

We selected the IR absorbance at wavenumbers of 1735, 1726 and
1700 cm−1 to establish calibration curves from individual dispersions
of pure DPPC (Fig. S1 in Supplementary data), lysoPC (Fig. S2) and Pam
(Fig. S3). For each compound and pD value, three molar extinction
coefficients (ε, M−1 cm−1) were estimated from IR absorbance at the
selected wavenumbers (Table 1). For each wavenumber, the ε-value
corresponds to the slope of the linear regression line established from
the scatterplot of IR absorbance versus compound concentration (see
Figs. S1, S2 and S3 in Supplementary data). Indeed, we observed in all
cases that IR absorbance varies linearly with the concentration as in-
dicated by the very good coefficients of determination r2 obtained from
linear regression (Table 1).

For both DPPC and lysoPC, the ε − values are similar at pD 6 and 8,
while in contrast, those of Pam are highly pD-dependent. There is a lack
of absorption of Pam at 1735 and 1726 cm−1 at pD 6, while slight

absorptions are observed at pD 8 with ε − values of 34 M−1cm−1 at
1735 cm−1 and 47 M−1cm−1 at 1726 cm−1. Pam is the component that
presents, however, the highest molar absorption coefficient at
1700 cm−1 (115 M−1cm−1), followed by lysoPC (102 M−1cm−1) and
DPPC (50 M−1cm−1).

3.4. Estimation of DPPC, lysoPC and pam concentrations in hydrolysis
reaction mixtures using IR absorbance

Using the molar absorption coefficients estimated from calibration
curves and the IR spectra recorded during the time-course hydrolysis of
DPPC, it was possible to estimate the concentration of each compound
by solving a 3 × 3 equation system. This estimation assumes that (i) the
absorbance of the DPPC hydrolysis mixture at a given wavenumber
results from the sum of the absorbances of DPPC, lysoPC and Pam, and
(ii) the absorbance varies linearly with the concentration for each
compound (as observed in calibration curves; Figs. S1, S2 and S3), i.e.

Fig. 1. Representative IR spectra of DPPC-NaTDC micelles before and after 120 minutes of hydrolysis by GPLRP2 at 35 °C and pD 8. Panel A: whole IR spectrum after D2O buffer subtraction,
H2O vapor and baseline correction. Panel B: CH stretching vibrations, mainly the asymmetric (νasCH2) and symmetric (νsCH2) methylene vibrations. Panel C: region corresponding to the
CO and COO− stretching vibrations (νCO and νCOO−) as well as to the CH scissoring bending (νsciCH2). Panel D: head-group vibrations, mainly the symmetric PO2 and ROPOR’ stretching
vibrations (νsPO2 and νsROPOR’).

Fig. 2. IR spectra of CO and COO− stretching vibra-
tions during the hydrolysis of DPPC-NaTDC micelles by
GPLRP2. Panels A and B show the evolution of the
‘raw’ spectra at pD 6 and 8, respectively, while pa-
nels C and D show the difference spectra at pD 6 and
8, respectively, obtained from the subtraction of the
initial IR spectrum. DPPC hydrolysis was monitored
for 120 min at 5-min intervals, at 35 °C. GPLRP2
concentration was 100 nM.
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that intermolecular interactions have no major impact on the IR spec-
trum and can be neglected (see further discussion in section 3.6).

For each reaction and time point, IR absorbance at 1735, 1726 and
1700 cm−1 were extracted from the IR spectrum and used in the fol-
lowing system of 3 equations with 3 unknowns to estimate DPPC,
lysoPC and Pam concentrations:

= + +A ε DPPC ε lysoPC ε PA[ ] [ ] [ ]DPPC lysoPC PA1735
1735 1735 1735 (1)

= + +A ε DPPC ε lysoPC ε PA[ ] [ ] [ ]DPPC lysoPC PA1726
1726 1726 1726 (2)

= + +A ε DPPC ε lysoPC ε PA[ ] [ ] [ ]DPPC lysoPC PA1700
1700 1700 1700 (3)

where Ai is the absorbance at the wavenumber ‘i’, εxi is the molar ex-
tinction coefficient of the compound ‘x’ at the wavenumber ‘i’ and [x] is
the concentration of the compound ‘x’, which is DPPC, lysoPC or Pam.
This equation system can be written as the following 3 × 3 matrix
system:

⎡

⎣
⎢
⎢

⎤

⎦
⎥
⎥

=
⎡

⎣

⎢
⎢
⎢

⎤

⎦

⎥
⎥
⎥

×
⎡

⎣

⎢
⎢

⎤

⎦

⎥
⎥

A
A
A

ε ε ε

ε ε ε

ε ε ε

DPPC
lysoPC

PA

[ ]
[ ]

[ ]

DPPC lysoPC PA

DPPC lysoPC PA

DPPC lysoPC PA

1735

1726

1700

1735 1735 1735

1726 1726 1726

1700 1700 1700
(4)

which can be further represented as follows:

=A E C· (5)

C=E−1·A (6)

where A and C are the absorbance and concentration column vectors,
respectively, and E−1 is the inversed of the molar extinction coefficient
3 × 3 matrix. Eq. (6) allows the estimation of DPPC, lysoPC and Pam
concentrations from IR absorbance at 1735, 1726 and 1700 cm−1.

The time-dependent variations in DPPC, lysoPC and Pam con-
centrations resulting from DPPC hydrolysis by GPLRP2 and deduced
from IR spectra are shown in Figs. 4A (pD 6) and 4 B (pD 8). Whatever
the pD-value, a very good correlation is observed between the con-
sumption of DPPC and the appearance of Pam, as indicated by the Pam
to hydrolyzed DPPC molar ratio that remains close to 1 during the
whole hydrolysis reaction (1.02 ± 0.09 at pD 6 and 0.84 ± 0.06 at
pD 8; see Fig. S5 in Supplementary data). This finding also indicates

Fig. 3. IR spectra of CO stretching vibration of DPPC,
lysoPC and Pam at different concentrations in presence
of 50 mM of NaTDC. The lipid concentrations range
from 0 to 10% w/v (≈ 0 to 130 mM) for DPPC, from
0 to 5% w/v (≈0 to 100 mM) for lysoPC and from 0
to 5% w/v (0 to 195 mM) for Pam. IR spectra were
recorded at 35 °C and pD 6 (left-side panels) and pD
8 (right-side panels). Vertical dashed lines indicate
relevant wavenumbers: 1735, 1726 and 1700 cm−1.

Table 1
Molar extinction coefficients (ε, M−1 cm−1) of DPPC, lysoPC and Pam estimated from IR
absorbance. The ε-values represent the slope of the standard calibration curves of IR ab-
sorbance of DPPC, lysoPC and Pam measured at 1735, 1726 and 1700 cm−1, at pD 6 and
pD 8 (see Figs. S2, S3 and S4 in Supplementary data). All IR measurements were per-
formed in D2O, in the presence of 50 mM NaTDC, and at 35 °C.

Wavenumber Compound pD 6 pD8

ε r2 ε r2

1735 cm−1 DPPC 482.0 0.997 484.9 0.996
LysoPC 227.3 0.992 215.6 0.997
Pam 0 0 34.2 0.998

1726 cm−1 DPPC 415.0 0.999 417.6 0.998
LysoPC 303.0 0.996 287.4 0.999
Pam 0 0 47.4 0.993

1700 cm−1 DPPC 53.2 0.955 42.9 0.920
LysoPC 102.5 0.984 94.8 0.998
Pam 120.5 0.995 113.2 0.996
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that only one ester bond of DPPC is cleaved by GPLRP2, presumably at
the sn-1 position, during these experiments, although some activity of
GPLRP2 on the sn-2 position has been reported (El Alaoui et al., 2016).
From the variations in DPPC and Pam concentrations, we could esti-
mate the conversion level of DPPC into lysoPC, that reached 50% after
60 min at pD 6 and after 15 min at pD 8. The conversion level reached
after 120 min of reaction was 62.1 ± 2.3% at pD 6 and 85.3 ± 4.9%
at pD 8. We also estimated the initial specific activity of GPLRP2 from
the quasi linear increase in Pam concentration observed for t≤ 20 min.
Under the condition of the IR spectroscopy assay, GPLRP2 specific ac-
tivity on DPPC was found to be 192.6 ± 53.2 U/mg at pD 6 and
305.1 ± 23.9 U/mg at pD 8 (Table 2), with 1 U = 1 μmole of Pam
released per min.

We observed, however, that the apparent lysoPC concentration
calculated from the IR spectra was about the half of that expected from
DPPC disappearance and Pam release. This difference may be explained
by the effect of intermolecular interactions in the hydrolysis mixture,
but also by a difference in the molar absorption coefficients of the

lysoPC used as standard here (1-lysoPC) and the lysoPC released during
the hydrolysis (2-lysoPC resulting from the PLA1 activity of GPLRP2).
This latter hypothesis is the most probable since the carbonyl groups in
1-lysoPC and 2-lyso-PC are found in very different intramolecular en-
vironments and one can expect distinct C]O stretching vibrations for
these compounds (Eibl and Lands, 1970). The choice of 1725 cm−1 as
the wavenumber corresponding to the maximum absorbance of lysoPC
in the C]O stretching region will have to be re-evaluate with a more
relevant standard. It is however quite difficult to obtain relatively pure
1-hydroxy-2-palmitoyl-sn-glycero-3-phosphocholine (2-lysoPC) from
DPPC hydrolysis reactions since isomerization into 1-lysoPC occurs
rapidly, with an equilibrium mixture of 90% 2-lysoPC and 10% 1-ly-
soPC obtained in about 10 min at the pH/pD we used (Croset et al.,
2000; Pluckthun and Dennis, 1982). The only possibility to prepare
relatively pure 1-lysoPC is to synthesize it (Eibl and Lands, 1970) and to
keep it in organic solvent or dry. IR spectra recorded under these
conditions might be however quite different from those recorded in
solution, where hydration and hydrogen bonds have a major impact.

Nevertheless, correction factors for lysoPC levels could be estab-
lished from the ratio of Pam to apparent lysoPC molar concentrations,
based on the fact that no further hydrolysis of lysoPC by GPLRP2 occurs
in our experiments and that the Pam to lysoPC molar ratio should be
equal to 1. Since the Pam to apparent lysoPC ratio remained almost
constant throughout the hydrolysis reaction, we could calculate global
correction factors of 2.5 ± 0.5 at pD 6 and 2.1 ± 0.1 at pD 8. The
variations in the “corrected” lysoPC concentration were then plotted in
Figs. 4A and 4B.

3.5. Comparison of IR spectroscopy with TLC and pHstat titration to
monitor DPPC hydrolysis and estimate GPLRP2 specific activity

To validate the IR spectroscopy analysis of DPPC hydrolysis and the
lipolysis product concentrations deduced from this analysis, we

Fig. 4. Time-course variations in lipolysis products
during the hydrolysis of DPPC-NaTDC micelles by
GPLRP2. Experiments monitored by IR spectroscopy
were performed at pD 6 (panel A) and 8 (panel B), at
35 °C for 120 min. IR spectra were recorded every
5 min. Experiments monitored by TLC analysis were
performed at pH 6 (panel C) and 8 (panel D), at 35 °C
for 120 min. Samples for extraction of lipolysis pro-
ducts and TLC analysis were collected every 20 min.
GPLRP2 concentration was 100 nM in both series of
experiments. Values are means ± SD (n = 3).

Table 2
Comparison of GPLRP2 specific activities (U/mg) on DPPC-NaTDC micelles estimated from IR
spectrum analysis, TLC and pH-stat titrimetric assay. Experiments were performed in tri-
plicate in D2O or H2O depending on the assay, at pD/pH 6 and 8, at 35 °C.

Method pD 6/pH 6 pD 8/pH 8 pH 8 to pH 6 ratio

IR (D2O) 192.6 ± 53.2 305.1 ± 23.9 1.58
TLC (H2O) 432.9 ± 62.4 628.1 ± 38.1 1.45
D2O/H2O ratio 0.44 0.49
(IR vs. TLC)

pH-Stat (D2O) 317.0 ± 17.7 439.7 ± 13.5 1.39
pH-Stat (H2O) 575.2 ± 54.2 889.0 ± 40.8 1.55
D2O/H2O ratio 0.55 0.49
(pH-stat)
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performed similar hydrolysis experiments at pH 6 and pH 8 that were
further analyzed by TLC coupled to densitometry (see Fig. S4 in
Supplementary data). Overall, the DPPC, Pam and lysoPC concentra-
tions were in the same ranges, but the kinetics of hydrolysis were dif-
ferent (Figs. 4C and 4D), DPPC conversion estimated from TLC analysis
was faster and reached 50% after around 15 min at pH 6 and 5–10 min
at pH 8. The conversion level reached after 120 min of reaction was
85.6 ± 5.7% at pH 6 and 95.5 ± 4.5% at pD 8. Higher levels of Pam
were initially observed and the specific activity of GPLRP2 estimated
from TLC analysis (432.9 ± 62.4 U/mg at pH 6 and 628.1 ± 38.1 U/
mg at pH 8; Table 2) was around 2-fold higher than that deduced from
IR spectroscopy assays (Table 2).

Since the lipolysis experiments monitored by IR spectroscopy were
performed in D2O and those monitored by TLC in water, we assumed
that the differences observed in the lipolysis rates and GPLRP2 specific
activities resulted from these solvents with distinct dissociation prop-
erties and impacts on the pH value. We therefore assessed the specific
activity of GPLRP2 on the DPPC-NaTDC mixed micelles prepared in
both D2O and water using another method based on titrimetry, the pH-
stat method (Table 2). Titration was performed with 0.1 M NaOH and
pH endpoint values were fixed at pH 6 or pH 8 in both cases. The
specific activities of GPLRP2 on DPPC micelles prepared in D2O were
317 ± 17.7 and 439.7 ± 13.5 U/mg at pH 6 and 8, respectively,
while they were around 2-fold higher on DPPC micelles prepared in
H2O (575.2 ± 54.2 and 889.0 ± 40.8 U/mg at pH 6 and 8, respec-
tively). We therefore confirmed that GPLRP2 activity in D2O is lower
than in water, and this can explain the differences observed between IR
spectroscopy and TLC experiments. One will have to take it into ac-
count for future hydrolysis experiments monitored by IR spectroscopy
in D2O. Nevertheless, an interesting finding is that the pD 6/pD 8 and
D2O/H2O activities ratios are conserved regardless of the method used
to determine the enzymatic activity of GPLPR2 (Table 2).

3.6. Additivity of individual compound absorbances and possible impact of
intermolecular interactions on CO stretching vibrations

To better explore the changes occurring at the CO stretching sub-
components during the hydrolysis, the νCO spectra before and after
20 min of reaction with GPLRP2 at pD 8 were deconvolved and com-
pared (Fig. 5). One can observe that the overall intensity decreased and
band broadening is the result of changes in the relative intensities of the
νCO subcomponents. The main effect of the hydrolysis is the decrease in
intensity of higher frequency subcomponents and the apparition of
various subcomponents at lower wavenumbers that can be assigned to
the formation of the reaction products (lysoPC and Pam). To reproduce
these effects, we prepared a mixed dispersion (Mix) containing the
amounts of DPPC, lysoPC and Pam estimated after 20-min hydrolysis of
DPPC at pD 8 (Fig. 4B) and corresponding to around 50% conversion of
DPPC, as well as a reconstructed spectrum (Rec) obtained by combining
the individual spectra of pure DPPC, lysoPC and Pam, with an ar-
ithmetic adjustment of their intensities mimicking the hydrolysis mix-
ture obtain at 20 min at pD 8. We observed that the IR spectrum re-
corded after 20 min of hydrolysis overlaps almost completely with the
spectrum of the mixed dispersion and the reconstructed spectrum. This
reconstruction supports the assumption that DPPC, lysoPC and Pam
display similar vibrational properties when they are alone and when
they are present in a mixture, and validate the approach used for
quantifying individual molecular species from the complex IR spectra
recorded during DPPC hydrolysis. Whatever the nature and intensity of
intermolecular interactions, they do not seem to perturb significantly
the linearity of the standard calibration curves nor the additivity of
individual compound absorbances in the complex mixture resulting
from DPPC hydrolysis. It is worth noticing, however, that the presence
of some concentration-dependent peak-shifts and asymmetries in the
case of DPPC and Pam νCO (Fig. 3) suggest complex intermolecular
interactions. These concentration-dependent changes in the vibration

frequencies in this spectral region could result from variations in the
interfacial H-bonding and hydration, possibly due to changes in the
micellar structure, lipid conformation and lyotropic mesomorphism
(Danielsson et al., 1976). Other systematic experiments using various
mixtures of lipolysis products should be done to better assess the in-
termolecular interaction arising from the mixing.

3.7. Other informations from IR spectroscopy on physicochemical changes
occurring during the hydrolysis of DPPC-NaTDC micelles

Upon the hydrolysis reaction, we observed changes in the CH
stretching region (Fig. 1B) suggesting an overall increase of the hy-
drophobic acyl chains conformational order and a decrease of the li-
brotorsional mobility in the presence of lipolysis products. However, we
have to be careful with straightforward interpretations of peak-shifts
and band broadenings in this region, due to the presence of more than
one chemical compound containing CH2 groups and quite similar che-
mical structures, since this may result in possible combination, re-
sonance and/or coupling effects (Kodati et al., 1994; Snyder et al.,
1978). Other drawback concerning the CH stretching vibrations ana-
lysis during lipid hydrolysis is that in phospholipid and fatty acid mo-
lecules there are several “populations” of CH2 groups that might display
slightly different vibrational properties and thus resulting in the aver-
aging of all these effects on the final observed spectra. Nevertheless, it
would be worth completing this study by independent experiments on
the physical-chemical characterization of the colloidal mixture during
lipolysis to eventually correlate changes in the CH stretching region of
the IR spectra with structural changes in lipid aggregates/micelles.

The interpretation of the symmetric PO and the ROPOR stretching
vibrations (Fig. 1C) is not straightforward either. However, based on
previous observations on pure phospholipid-surfactant systems (Goñi
and Arrondo, 1986; Goñi et al.,1986), the changes observed after DPPC
hydrolysis indicates an overall change in the phosphate head-group
hydration, H-bonding patterns and orientations. The presence of more
than one chemical compound containing similar phosphate groups in
the hydrolysate (DPPC, lysoPC and possibly some glycerophosphocho-
line) and the possible effects of vibrational contributions other than

Fig. 5. Deconvolved IR spectra of CO stretching vibration of DPPC-NaTDC micelles before and
after 20 min of hydrolysis by 100 nM GPLRP2 at pD 8. The spectrum at t = 0 min of hy-
drolysis was compared to that of pure DPPC-NaTDC micelles. The spectrum recorded after
20 min of hydrolysis was compared to that of a mixture (mix) of DPPC, lysoPC and Pam at
their respective concentrations estimated for 50% of hydrolysis (≈35 mM for the 3
compounds) and to a reconstructed spectrum (rec) built after addition and arithmetic
adjustment of the individual spectra of DPPC, lysoPC and Pam recorded in the presence of
NaTDC.
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those of the phosphate groups (Fringeli and Gunthard, 1981;
Mendelsohn and Mantsch, 1985) further complicates the analysis.

4. Conclusions

Infrared spectroscopy is a versatile tool that allows the study of very
dynamic and complex systems such as biological samples in which
protein-lipid interactions occur. We previously showed how transmis-
sion IR spectroscopy could be used to investigate in bulk the interaction
of a phospholipase, GPLRP2, with various phospholipid dispersions
(Mateos-Diaz et al., 2017). We extended this investigation with the
active enzyme to explore the subsequent step of substrate hydrolysis
using phospholipid-bile salt mixed micelles. Assuming that the DPPC
substrate and lipolysis products display similar vibrational properties
when they are alone in a dispersion and when they are present as a
mixture during the hydrolysis, IR spectroscopy allows monitoring
continuously the phospholipid hydrolysis, with the quantification of
residual substrate and all lipolysis products, the determination of en-
zyme activity and even to obtain some information on the acyl chain
packing, interfacial hydration and H-bonding in situ in the course of the
lipolysis reaction. This contrasts with other methods that require lipid
extraction or laborious preparation of supported lipid films. The results
we obtained are coherent with hydrolysis and lipolysis product levels
obtained in parallel experiments using TLC quantification and titri-
metric pH stat assay, although enzyme kinetics in D2O are slower from
those recorded in water. In summary, we have shown that it is possible
to use IR spectroscopy to have a quite complete hydrolysis profile and
even some information of physicochemical variations of the substrate.
We can envisage to use this method with other lipid substrates and
lipolytic enzymes.
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