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Abstract

The use of Nuclear Magnetic Resonance spectroscopy for studying lipid digestion in vitro most
often consists of quantifying lipolysis products after they have been extracted from the reaction
medium using organic solvents. However, the current sensitivity level of NMR spectrometers
makes possible to avoid the extraction step and continuously quantify the lipids directly in the
reaction medium. We used real-time *H NMR spectroscopy and guinea pig pancreatic lipase-
related protein 2 (GPLRP2) as biocatalyst to monitor in situ the lipolysis of monogalactosyl
diacylglycerol (MGDG) in the form of mixed micelles with the bile salt sodium
taurodeoxycholate (NaTDC). Residual substrate and lipolysis products (monogalactosyl
monoacylglycerol (MGMG); monogalactosylglycerol (MGG) and octanoic acid (OA) were
simultaneously quantified throughout the reaction thanks to specific proton resonances.
Lipolysis was complete with the release of all MGDG fatty acids. These results were confirmed
by thin layer chromatography (TLC) and densitometry after lipid extraction at different reaction
times. Using diffusion-ordered NMR spectroscopy (DOSY), we could also estimate the
diffusion coefficients of all the reaction compounds and deduce the hydrodynamic radius of the
lipid aggregates in which they were present. It was shown that MGDG-NaTDC mixed micelles
with an initial hydrodynamic radius ry of 7.3 £ 0.5 nm were changed into smaller micelles of
NaTDC-MGDG-MGMG of 2.3 £ 0.5 nm in the course of the lipolysis reaction, and finally into
NaTDC-OA mixed micelles (r4 of 2.9 £ 0.5 nm) and water soluble MGG. These results provide
a better understanding of the digestion of galactolipids by PLRP2, a process that leads to the
complete micellar solubilisation of their fatty acids and renders their intestinal absorption

possible.

Keywords: Enzyme, lipase, galactolipases, galactolipids, digestion, lipolysis, pancreatic lipase
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Abbreviations: C8-MGDG, monogalactosyl-dioctanoyl glycerol; DOSY, diffusion-ordered
spectroscopy; FA, fatty acid; FFA, free fatty acid; GPLRP2, guinea pig pancreatic lipase related
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monogalactosyl glycerol; MGMG, monogalactosyl-monoacyl glycerol; NaTDC; sodium
taurodeoxycholate; OA, octanoic acid; pD, pH in D.O; PLRP2, pancreatic lipase related protein
2; TLC, thin-layer chromatography; TES, N-tris[hydroxymethyl]methyl-2-aminoethane-

sulfonic acid;



1. Introduction

The use of nuclear magnetic resonance (NMR) spectroscopy for studying lipid digestion in vitro
usually consists in quantifying the residual substrate (triacylglycerol; TAG) and its lipolysis
products (diacylglycerols, monoacylglycerols, and free fatty acids) after these compounds have
been extracted from the reaction medium with organic solvents (Deng et al., 1990; Joyce et al.,
2016; Juneja et al., 1989; Martin-Rubio et al., 2019; Nieva-Echevarria et al., 20173, b, c, d;
Nieva-Echevarria et al., 2016, 2017e, f; Nieva-Echevarria et al., 2014). Most of the time, the
TAG substrate is dispersed as an oil-in-water emulsion with surfactants. Some studies have also
been dedicated to the fate of the surfactants used to prepare these emulsions, such as the citric
acid esters of mono- and diglycerides (CITREM) that can also be hydrolysed by digestive
lipases (Amara et al., 2014). The supramolecular assembly of the lipid substrate and lipolysis
products in large lipid droplets and micelles renders their quantification by spectroscopic
methods such as liqguid NMR not as straightforward as that of isolated molecules. Indeed, the
tumbling of the large aggregates is significantly slower than that of the individual molecules
and these slower motions induce larger signal widths (Furd, 2005). To avoid these caveats, lipid
aggregates can be dissociated in organic solvents, what is achieved upon lipid extraction.
Therefore, NMR is often used after extraction as other analytical methods like chromatography
or mass spectrometry. While this approach allows a robust quantification from aliquots
collected in the course of the lipolysis reaction, it does not allow, however, a continuous

monitoring of the digestion. Moreover, lipid extraction is time consuming.

Nevertheless, the development of more sensitive NMR spectrometers resulted in short
acquisition times (ca min per spectrum) compared to the time-course of the hydrolysis. As a
consequence, it has already made it possible to monitor enzymatic reactions in real time (Her
et al., 2015). “Real time NMR spectroscopy” or “Time-Resolved NMR spectroscopy” is a

widely used tool for monitoring biocatalysed glycan hydrolysis or transfer (Eixelsberger et al.,
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2012; Haas et al., 1992; Jin et al., 2020; Tyl et al., 2004). Real time NMR also enabled the in-
situ monitoring of lipase-catalyzed reactions in organic solvents (deuterated chloroform or
benzene) (Vallikivi et al., 2004; Waudby et al., 2013). In addition, a recent *H NMR study on
the hydrolysis of a triglyceride emulsion by crustacean lipases has shown that lipolysis products
could be quantified directly in an aqueous reaction media (D20/H.0) (Timchenko et al., 2022).
Using organic solvent for lipid extraction is therefore not necessary. As mentioned above, the
organization of lipid substrates and lipolysis products in large supramolecular assemblies
dispersed in agueous media affects the NMR spectrum, but this occurs without compromising
quantification, even using short acquisition times. All the conditions are therefore met to
monitor the digestion of lipids in real-time with 'H NMR spectroscopy without solvent

extraction.

Besides, skipping the extraction step provide the great opportunity to also probe for the
supramolecular organization in-situ. Liquid NMR spectroscopy is able to probe for the
translational motions of the lipid aggregates that clusters the molecules. Pulsed Field Gradients
(PFG) can be used to encode the position of the molecules that give rise to the *H resonance
before a diffusion delay. The *H NMR spectrum is then acquired after reverse PFG (Stejskal
and Tanner, 1965). This diffusion-ordered NMR spectroscopy (DOSY) method enables the H
resonances intensity to be modulated according to the translational diffusion of the molecules
to which they belong. It is used to experimentally determine the size (hydrodynamic radius) of
lipid aggregates by measuring their translational diffusion coefficients. This method has already
been used to monitor lipid digestion in vitro (Awad et al., 2018; Patil et al., 2019; Pena and

Hirasaki, 2003).

Here, we report the use of NMR spectroscopy to monitor the in vitro digestion of galactolipids
by guinea pig pancreatic lipase-related protein type 2 (GPLRP2). The substrate used was a

synthetic monogalactosyl dioctanoylglycerol (C8-MGDG) associated with bile salts in mixed
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micelles. We used H-3C heteronuclear correlation experiments to assign the *H NMR
frequencies to protons of C8-MGDG, bile salts and the hydrolysis products, monogalactosyl
monooctanoylglycerol (MGMG), monogalactosylglycerol (MGG), and free octanoic acid. A
series of rapid 1D 'H spectra (min) was recorded immediately upon launching the hydrolysis
reaction, and the *H signals integrals were used to probe the molecular concentration of C8-
MGDG, MGMG, MGG and OA. Our quantification strategy enabled us to cope with the
heterogeneous and large signal linewidths that originate from the supramolecular organisations,
and it was validated using quantitative thin layer chromatography coupled to densitometry.
Using DOSY-NMR, we recorded the translational diffusion coefficients associated to the same
'H signals, such that we could determine the size of the aggregates formed by the reaction

compounds at different stages of the reaction.



2. Materials and methods

2.1. Reagents

Monogalactosyl dioctanoyl-glycerol (C8-MGDG; Mw=506 g/mole) was synthetised as
previously described (Amara et al., 2009; Lafont et al., 2006; Sias et al., 2004). Deuterium oxide
(D20), Galactose, N-tris[hydroxymethyl]methyl-2-aminoethane-sulfonic acid (TES), Sodium
taurodeoxycholate (NaTDC), Sulphuric acid and Thymol were purchased from Sigma-Aldrich
(Saint-Quentin Fallavier, France). Calcium chloride (CaClz) and sodium chloride (NaCl) were
obtained from Euromedex (Souffelweyersheim, France). Acetonitrile, chloroform, ethanol, and

methanol were all HPLC grade from Carlo Erba (Peypin, France).

2.2. Production and purification of GPLRP2

Recombinant GPLRP2 was produced in Aspergillus orizae and purified as previously described
(Hjorth et al., 1993). Aliquots of GPLRP2 were freeze-dried, suspended in the buffer solution
prepared for the reactions in H>O or D20, and finally incubated for 48 h at 4°C to reach H/D
exchange equilibrium. The aliquots were then kept at -20°C until the reactions were performed.

Before being added to the substrates, the aliquots were thawed and diluted to 1000 nM.

2.3. Preparation of C8-MGDG-NaTDC

To prepare C8-MGDG—-NaTDC micelles, C8-MGDG was suspended in buffer solution
containing 65.5 mM NaTDC, 500 mM TES buffer, 100 mM NaCl and 5 mM CaCly, in D20 at
pD 8 or H20 at pH 8. The suspension was then heated to 65 °C for 5 min, vortexed and sonicated
for 8 min to obtain micelles. C8-MGDG concentration was 50 mM and NaTDC to C8-MGDG

molar ratio was 1.3.



2.4. Monitoring C8-MGDG hydrolysis by NMR spectroscopy

The lipolysis reaction was carried out by adding 50 pL of GPLRP2 solution (1000 nM) to 450
puL of C8-MGDG-NaTDC micelles to obtain 100 nM enzyme concentration. Both DO and
H>0 solvent have been used in the present study, the advantage of working with DO being the
easier solvent suppression efficiency by NMR. The suppression of the H2O or residual HOD
signal in *H 1D NMR spectra was achieved using highly selective presaturation at 4.7 ppm
(recycling delay of 2s saturated with a power of 7.7 W). The galactose resonances that have
frequencies close to that of water were better resolved with using the D,O solvent so the
deuterated solvent was preferred. In H2O, only the glycerol or acyl chain resonances were well
resolved, except the H2 glycerol resonance of MGG. Besides, the present reaction conditions
in D,O were identical to those of a previous study in which lipolysis was monitored by FTIR
(Sahaka et al., 2023). Thus, NMR and FTIR analytical monitoring could be compared. The *H
acquisition time was 340 ms, the spectral width 20 ppm, and 32 scans were accumulated for a
total duration of 2 min per spectrum. One *H NMR spectrum was recorded before the addition
of the enzyme. After enzyme addition, a series of 2-minutes spectra were recorded for 7 hours
and a final spectrum was recorded after 16h 37min of incubation. All spectra were recorded at
37°C, on a Bruker Avance Il 600 MHz spectrometer equipped with a TCI cryoprobe, using
Topspin 3. software. Fourier transforms were performed with nmrPipe software (Delaglio et
al., 1995), the data were then exported in text format and integrated into Spectra Manager

V.2.07®.

The *H resonances were assigned to all compounds present in the reaction mixture using two
dimensional *H-'3C heteronuclear correlation 3C-'H NOESY, TOCSY and HSQC spectra of
bile salts alone and the reaction mixture before adding the enzymes (time 0) and upon

completion hydrolysis (after more than 16 hours). To enable the assignment of the proton



resonances belonging to the intermediate MGMG product, a reaction was stopped after 20 min
by incubation at 100°C for 10 min to denature the enzyme. ‘H-'3C heteronuclear experiments

were recorded after the heat-denaturation step.

2.5. Quantification of substrate and products concentrations from *H NMR resonances

'H NMR resonance signals that were sufficiently isolated were integrated at various times
during the entire reaction. The values obtained were used to estimate the concentrations of the
reaction compounds, using equation (1).

Go=29

H
1
Pcy

With  Cx(t): Concentration of compound x, at time t

H;: H protons of carbon i.
Agi (t): Integral of Hi proton signal of compound x at time t
Pcfi: Proportionality coefficient relating Al)fi to the concentration Cx.

The quantification using equation (1) requires knowing the values of the proportionality

coefficients (Pc) for each compound x and proton H;.

Since the concentrations of C8-MGDG before the reaction (to), MGG and free OA
concentrations after the completion of the reaction (tr) were known (Cmepe (to) = 50 mM, Cmce
(tr) =50 mM, Coa (tr) = 100 mM), the Pc of their protons were easily determined using equation

(2), (3) and (4).

AH

H; _ AMgpg(te)
PCMGDG "~ Cmcpa(to) (2)
H.

. Al
Poyyg = 25D (3)

Cmaa(tr)



H;
H; Apa(te)

P i — OA 4
OA " Coa(tp 4)

2.6. Characterization of galactolipid-bile salt micellar organization (aggregates size)

The supramolecular organizations formed by C8-MGDG, bile salts and lipolysis products
before and during the lipolysis reaction were characterized using DOSY-NMR with bi-polar
PFG stimulated echo experiments. Two pairs of bipolar square-shaped z-gradients of 2.8 ms (3)
were used to encode and decode the z-axis particle position, spaced with a delay (A) of 200 ms.
A series of 10 spectra were recorded with gradient powers (G) ranging from 98% to 2% of the
maximum gradient strength (0.5 T.m) using a quadratic ramp. The spectra were transformed
in Topspin 4.3 and nmrPipe (Delaglio et al., 1995), and the diffusion analysis was performed

in Dynamic Center 2.8 and Octave (Eaton et al., 2016).

For each of these 10 spectra, the signal integral of the above-mentioned assigned *H resonances
were quantified as function of gradient power (PFG -NMR). The spectra were transformed by
nmrPipe (Delaglio et al., 1995) and exported into the Octave suite (Eaton et al., 2016). The

diffusion coefficient (D, m2.st) was determined using the Stejskal-Tanner equation (5):

In (‘I—G) =D. [A - g] (8G.yw)? (5

0

with  Ig: Signal integral as a function of the gradient strength,
lo: Integral in the absence of gradient,
Yu: Proton gyromagnetic ratio (267.52 10° rad.s. T1). The hydrodynamic radius (rn) associated

with a given diffusion coefficient was determined using the Stokes—Einstein equation (6):

kg.T
6m.D.n (T)

(6)

Iy =

with kg :Boltzmann constant (1.38 1072 kg.m?.s 2.K™),

T: Temperature in Kelvin,
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. . 247.8 _5
nm (Viscosity) = 2.41.107-120 > (kg.m™.s?).

2.7. Analysis of C8-MGDG lipolysis by TLC and densitometry

GPLRP2 was added to C8-MGDG—-NaTDC micelles to obtain 100 nM enzyme concentration,
in D20, at 37 °C. The reaction volume was 200 uL. Aliquots of 25 uL were collected at different
reaction times (0, 10, 20, 50, 90 and 120 min) and immediately mixed with 1 mL of a stop
solution containing 200 mM HCI and 150 mM NaCl. Substrates and reaction products in
aliquots were extracted with chloroform-methanol (2:1 v/v) and analysed using TLC and

densitometry, as previously described (Sahaka et al., 2021).
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3. Results and Discussion

3.1. Identification of specific protons and their resonances for monitoring C8-MGDG

disappearance and the generation of lipolysis products using NMR spectroscopy

Prior to monitoring the lipolysis reaction, we first performed *H-3C heteronuclear experiments
to perform the assignment of the proton resonances in the mixture buffer (TES) and bile salts
(NaTDC), as well as in the mixture buffer (TES), bile salts (NaTDC) and C8-MGDG (Figure
1). The protons resonances of the TES and NaTDC were identical with or without the substrate
(shown in Figure 1 without specific assignment). Proton resonances of lipolysis products (C8-
MGMG, MGG and free OA) were assigned after recording *H-3C heteronuclear spectra of the
reaction mixture stopped after 20 min of hydrolysis and at completion of the reaction (Figure
2). The *H and *3C chemical shifts of the reaction compounds, deduced from these spectra, are
presented in Table 1. The resonances obtained for OA protons were similar to those in the

database (Delaglio et al., 1995; Eaton et al., 2016).

3.2. Estimation of residual substrate and lipolysis products concentrations from *H NMR

resonances

The evolution of the *H NMR spectrum of the C8-MGDG-NaTDC micelles solution in the
presence of 100 nM GPLRP2 was recorded as a function of time (Figure 3). The intensity of
proton resonances assigned to C8-MGDG (H2’, H2, H6°”) decreased quickly in favour of those
of MGMG (H2’, H2) and free OA (H2’). At the end of the reaction, only the resonances from
MGG (H1°’) and free OA proton were observed, indicating that the lipolysis was complete with
the release of the two acyl chains initially bound to C8-MGDG. The glycerol H2 resonance of
MGG has a frequency similar to that of water and is removed by the solvent suppression

sequence.
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Any resonance could be used for the quantification of the reaction compounds (C8-
MGDG, MGMG, MGG, and free OA), but only those that were resolved enough to avoid
overlaps with resonances from NaTDC and TES were used. The corresponding protons are
indicated on the spectra in Figure 3. NMR signal integral is proportional to the number of
protons and our quantification method enables to account for the differential linewidth caused

by the differential supramolecular organisation. The quantification of each compound at various

times t was performed using the integration of these resonance peaks (Af(Ii (t)) and the equation
(1) (see 2.5 Materials and Methods section), after estimating the values of the proportionality

coefficients (Pc) for each compound x and proton H;.

The proportionality coefficients (Pcs) for C8-MGDG, MGG and OA could be obtained from
the initial concentration of C8-MGDG (50 mM) and final concentrations of MGG (50 mM) and
OA (100 mM), respectively (Table 2). As expected, these Pcs are proportional to the number
of identical protons within one molecule. However, they vary from one molecule to the other.
One reason is the variation in the tumbling time of their corresponding molecules. The initial
and final concentrations of the transient lipolysis product MGMG being zero, they could not be
used to calculate the Pcs of MGMG (Pcweme). However, the concentration of C8-MGMG
during the reaction could be deduced from those of C8-MGDG and MGG, using the

stoichiometry equation (7):

Cmemc (®) = Cumgpe(to) — (Cumepc () + Cuge (D) (7)

The MGMG concentrations obtained in this way were used to estimate the values of PCmemc
for protons H2’ et H2 at all reaction times (Figure 4). These values (on average 3.10° mM*

and 6,5.10° mM?, respectively) could be considered as constant throughout the reaction, with

HZI

variation coefficients of 3 % for the protons of acyl chain carbon 2° (Pc.\,

) and 4 % for the
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protons of glycerol carbon 2 (Pcii2,,.). The C8-MGMG concentrations were then calculated

using the average values of these Pcs and the equation (1).

Among the resonance used for quantification, those belonging to the same compound, either
Hla, H1lb, H2 orH2’ for C8-MGDG and H2 orH2’ for MGMG, resulted in the same
concentration and gave superimposed kinetic curves, thus confirming their assignment and the

quantification procedure (Figure 5).

The time-course evolution of the concentrations of all compounds (Figure 6A), shows that C8-
MGDG disappeared almost completely after 30 min of incubation. The disappearance of C8-
MGDG correlates perfectly with the appearance of MGMG, MGG and free OA. As a validation,
the total mass of the reaction compounds was found to be conserved throughout the reaction
(Figure 7) with a coefficient of variation of about 1%. This further validates the quantification

procedure and indicates that all products have been identified and quantified.

3.3. Validation of the NMR quantification procedure using TLC and densitometry

To validate the above quantification of substrate and products using *H NMR spectroscopy, we
performed the same reaction with lipid extraction at various times and analysis using TLC-
densitometry and thymol-sulfuric acid derivatization of galactosylated compounds. C8-MGDG,
MGMG and MGG were revealed and quantified thanks to the galactose they contain after
performing separate migrations for C8-MGDG and MGMG present in the organic phase and
MGG present in the aqueous phase (Sahaka et al., 2021). Free OA concentrations were then

estimated from C8-MGMG and MGG concentrations, using equation (8).

[Free 0A] = [MGMG] + 2.[MGG)] (8)
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The concentrations and variation Kkinetics obtained (Figure 6B) were identical with those
obtained by NMR spectroscopy (Figure 6A). In both cases, we could estimate the specific
activity of GPLRP2 on C8-MGDG from the amount (umoles) of OA released during the first
10 min of the reaction. The value obtained from NMR spectroscopy data was 903 U/mg, while
a similar specific activity of 981 + 97 U/mg was deduced from TLC analysis, with 1 U =1
pumole of fatty acid released per min. These activities are in the same range as the specific
activity (727 + 67 U/mg) previously deduced from FTIR spectroscopy analysis of the same

reaction (Sahaka et al., 2023).

As previously reported (Sahaka et al., 2023), it is worth noticing that 2 to 3-fold slower reaction
rates are observed in D20 than in H20. This could result from different experimental set-up,
with for instance a slower mixing in the NMR tube compared to experiments performed under
continuous mechanical stirring. However, a reduced activity of GPLRP2 was also observed in
the course of dipalmitoylphosphatidylcholine (DPPC) hydrolysis in D20 compared to H20
(Mateos-Diaz et al., 2018). We assume that it is due in part to the lower dissociation and
nucleophilicity of D2O compared to H2O. Indeed, the enzymatic hydrolysis of an ester bond in
acylglycerols by lipases involves the formation of an acyl-enzyme intermediate that further
reacts with a water molecule to release the free fatty acid (Carriere et al., 1997). Besides, a
hydrogen bond with deuterium is slightly stronger than one with hydrogen and this can also
impact the hydrogen bond network that stabilizes the tertiary structure of the enzyme (Cioni
and Strambini, 2002; Katz, 1960; Katz and Crespi, 1966). It is thus possible that the interactions
of MGDG and reaction intermediates with GPLRP2 active site are modified in DO compared
to H20 and this could result in lower reaction rates. Finally, it has also been shown that heavy
water can impact the thermodynamic properties of lipid assemblies like the phase transition in

phospholipid bilayers (Matsuki et al., 2005). We cannot exclude that the organisation of
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MGDG-NaTDC micelles is different in D2O compared to water and this may have an effect on

their interaction with GPLRP2.

3.4. Analysis of the micellar organization of substrate and products using diffusion-ordered

NMR spectroscopy

The diffusion coefficients (D) of NaTDC, C8-MGDG and reaction products (C8-MGMG,
MGG and OA) were estimated in the reaction medium using the DOSY method (Figure 8 and
Table 3). From these coefficients, the hydrodynamic radii (r4) of the aggregates formed by these
compounds were deduced using the Stokes-Einstein law as described in Material and method

section (see 2.6 and Table 3).

The diffusion coefficient associated to the TES resonances (3.45 and 3.9 ppm) was 6x10°

m2.s?, indicated that the buffer molecules are free in solution, as expected.

The size of pure NaTDC aggregates as well as that of mixed NaTDC-fatty acid aggregates were
estimated using the NaTDC methyl proton peaks at 0.9 and another resonance at 1.2 ppm
(Figure 8A, B, C, D and E). When NaTDC was alone in the buffer solution, it formed aggregates
with a ry of 2.3 £ 0.2 nm. This size for NaTDC micelles is consistent with previous studies
(Mazer et al., 1980). NMR studies have shown that NaTDC at high supramicellar concentration
preferentially forms nonamers in equilibrium with dimers (Funasaki et al., 2006). According to
Small et al, bile salts would first form dimers through hydrophobic interactions of their convex

faces and then secondary larger micelles formed by hydrogen bonds (Small et al., 1969).

In the presence of C8-MGDG, the ry estimated from NaTDC resonances increased to 7.3 + 0.5
nm. The same hydrodynamic properties were probed by C8-MGDG glycerol H2 and acyl chain

H2’ resonances, indicating that NaTDC formed mixed micelles with C8-MGDG (Figure 8B, E
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and F and Table 3). This radius is close to that of C8-MGDG-NaTDC micelles previously
measured by dynamic light scattering (r4 ~ 5 nm) (Belhaj et al., 2018). This is also close to
NaTDC — lecithins mixed micelles at a molar ratio of 1.2 that have a ry of 8.4 nm at 20-40°C
in the presence of 150 mM NaCl (Mazer et al., 1980). Here, we worked with a NaTDC to C8-
MGDG molar ratio of 1.3, in the presence of 100 mM NacCl, at 37°C. One can therefore assume
that mixed bile salts-galactolipids micelles self-organize in an aqueous environment like mixed
bile salts-phospholipid micelles and can be schematically represented as Mazer’s disk-shaped
micelles as depicted in Figure 9. We have previously shown that this molar ratio of 1.3 allows
measuring the optimum activity of both human and guinea pig PLRP2s on C8-MGDG as
substrate, as well as on natural long chain MGDG (Amara et al., 2010; Amara et al., 2009). It

probably results in a micellar structure that is preferentially recognized by PLRP2.

After 20 min of reaction, when the C8-MGDG was partially hydrolyzed and the C8-MGMG
intermediate product was close to its maximum concentration, the radius of the aggregates
containing NaTDC decreased to about 2.3 + 0.3 nm (Table 3). The same hydrodynamic
properties were measured on the glycerol H2 and acyl H2’ resonance of the remaining MGDG
that has not been completely hydrolyzed yet. This indicates that the NaTDC-MGDG mixed
micelles are reorganized in the course of the reaction, probably due to the presence of OA and
MGMG molecules. The hydrodynamic properties inferred from C8-MGMG glycerol H2 and
acyl chain H2’ resonances are slightly smaller than those observed on NaTDC and MGDG
protons (r4 2 £ 0.5 nm), but the difference between the experimental diffusion coefficient
determined for the NaTDC, MGDG and MGMG molecules is not significant (Figure 8E and F
and Table 3, Figure 9). Also, the hydrodynamic properties of OA molecules cannot fit to
equation (5) with a single coefficient diffusion (Figure 8 G), which indicates that OA assembles
in several aggregates of various size and molecular composition. A binomial fit indicates that a

large proportion of OA molecules are present in micelles of 2.2 = 0.4 nm in size. Altogether,
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we can infer that NaTDC, C8-MGDG, C8-MGMG and OA can assemble in mixed micelles
that are smaller and less homogeneous in size than the initial NaTDC-C8-MGDG micelles.
Another fraction of OA has a high diffusion coefficient of 4.5 10° m2.s%, that may correspond
to small aggregates (ry 0.7 = 0.1 nm) of few OA molecules. The relative quantification of the
mixed-micelles or free OA is challenging to determine from their relative signal intensities

because the latter also varies with the tumbling time of the molecules.

At the end of the reaction, when MGMG had also disappeared and products consisted in MGG
and free OA, the radius of the aggregates containing NaTDC was 2.9 nm. Again, the DOSY
data associated with the OA H2’ resonances could not be fitted to equation (5) with a single
diffusion coefficient, and a binomial fit indicated that a small proportion of OA molecules has
the same diffusion coefficient estimated from the NaTDC protons (1.1 + 0.2 107 m2.s),
indicating that some OA is present in mixed micelles with NaTDC of 2.9 = 0.5 nm (Figure 8C,
D and G). The DOSY data recorded from the same OA H2’ resonances at low gradient strength
indicate the existence of particles with a smaller size. Using dynamic light scattering, Salentinig
et al. have previously reported a similar ry of 2.5 nm for NaTDC-OA mixed micelles at pH 7.1
and 25°C (Salentinig et al., 2014). Since OA (pKa=6.5) is mostly ionized at the pH of the
reaction (pD 8) and the final OA concentration of 100 mM being much above the critical
micellar concentration of octanoate (CMC=13 mM;(Hayes and Gulari, 1994)), one can assume
that octanoate micelles could also be formed (Figure 9). The size of these micelles of about 15
to 23 monomers has been estimated from previous neutron scattering data (1.17 + 0.03 nm;
(Hayden and Ma, 1992; Hayden et al., 1991)) and molecular dynamics simulations (1.27 nm;
(Watanabe et al., 1988)). The size measured in our study is therefore higher and it suggests that
OA remains associated in mixed micelles with NaTDC. The formation of water-soluble MGG

at the end of the reaction was confirmed by the high diffusion coefficient of 9x10° m?.s’
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measured on its galactose H2’ resonances, indicating that it was in the free molecule state

(Figure 8D and F).

4. Conclusion

The enzymatic hydrolysis of a galactolipid (C8-MGDG) present in mixed micelles with bile
salts was monitored in real time by recording H! NMR spectra of the reaction mixture.
Integration of the proton peaks allowed the simultaneous estimation of residual C8-MGDG and
lipolysis products (MGMG, MGG and OA) concentrations throughout the reaction. The
hydrolysis was complete, confirming that the fatty acids at both sn-1 and sn-2 position of
MGDG were released by the PLRP2 enzyme. The kinetics recorded by NMR spectroscopy
were similar to those estimated by TLC analysis after lipid extraction and in situ transmission
FTIR spectroscopy (Sahaka et al., 2023). Compared to this previous real time method, NMR
spectroscopy allowed identifying and quantifying all lipolysis products including the water-
soluble MGG. Another step forward was the simultaneously determination of the diffusion
coefficients of these products, substrate and bile salts by DOSY. It allowed estimating the sizes
of the micellar aggregates in which the substrate (C8-MGDG) was initially present mixed with
bile salts and of the smaller micelles containing also the lipolysis products (MGMG, and OA)
formed in the course of the lipolysis reaction. These results provide a better understanding of
the digestion of galactolipids by PLRP2, a process that leads to the complete micellar
solubilisation of their fatty acids and renders their intestinal absorption possible.

The above study opens the way to in-situ monitoring of lipid hydrolysis from the chemical and
physico-chemical point of view. Skipping the extraction step speeds up and simplifies the
experimental set-up, avoids the use of solvent, and opens the perspective of monitoring on-line

processes using a non-invasive approach. For instance, NMR can be used to monitor lipid
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accumulation in living microalgae (Bouillaud et al., 2019). The use of DOSY-NMR to
characterise changes in the supramolecular assembly of lipids in the course of digestion also
opens new perspective beside monitoring lipid hydrolysis. Changes in the size of TAG droplets,
a critical parameter for the activity of lipases, could also be monitored in-situ thanks to PFG-
DOSY in a restricted diffusion mode as demonstrated with lipid droplets accumulated in living

algae (Gromova et al., 2015).
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Figure legends

Figure 1. Superimposition of the HSQC [*H, 3C] spectra of MGDG-NaTDC mixed micelles

(blue) and NaTDC alone (red). Mixed micelles of C8-MGDG (50 mM and NaTDC (65 mM)

and NaTDC alone (65 mM) were prepared in 500 mM TES buffer, 100 mM NaCl, 5 mM CaCly,

in D20, at pD8 and 37 °C. Protons identified as H, H* and H”’ correspond to protons of glycerol,

acyl chains and galactose, respectively, with their location shown in C8-MGDG structure

(insert).
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Figure 2. Superimposition of the HSQC [*H, *3C] spectra recorded in the course of MGDG
hydrolysis. Spectra of the reaction mixture were recorded at the beginning of the reaction (to;
blue color), during the reaction after the disappearance of MGDG, i.e. after 20 min (black
color), and after the completion of the reaction when C8-MGDG was fully converted into MGG
and OA (red color). Protons identified as H, H” and H*’ correspond to protons of glycerol, acyl

chains and galactose, respectively, with their location shown in C8-MGDG structure (insert).
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Figure 3. 'H-NMR spectra recorded during the hydrolysis of C8-MGDG-NaTDC mixed
micelles by GPLRP2. Panel A shows the whole *H-NMR spectrum of C8-MGDG in mixed
micelles in which the proton resonances used for quantification (H1, HI1”, H2 and H2’) are
indicated. Protons identified as H, H’> and H’’ correspond to protons of glycerol, acyl chains
and galactose, respectively. Panel B shows the time-course evolution of the *H-NMR spectrum
in three specific regions corresponding to H2 (MGDG, MGMG), H1” (MGG, MGMG, MGDG)
and H2’ (MGMG, MGDG, Free OA). Spectra recorded from times 0 to 17h are shown and

superimposed.

A C8-MGDG
HO 0
HO S ¥ g 7
4" 3 H 2' a’ 6 g
H H
0 W et T ————
1
H2'
H2 H1 Hl"Hl J
| | 1 | L | | | 1 | |
5.45 5 4 3 2 1 0.6
8'H ppm

-31-



Time (h) -

=
1

» MGDG MGMG

544 54 53 52 5.1 5 25 24 23 2.

|
H2 (5'H ppm) H1” (5'H ppm) H2’ (5'H ppm)

-32-




Figure 4. Time-dependence of the Pcs of specific MGMG proton resonances. Pcs were

calculated using equation (1).
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Figure 5. Time-course variations in C8-MGDG (A) and MGMG (B) concentrations estimated
from the resonances of different protons. Letter a and b corresponds to the two protons H1

bound to glycerol carbon C1 of C8-MGDG (see Table 1).

50 g

45 - A
i MGDG (H2')

-
a5 |} — MGDG (H2)
&

5

-0- MGMG (H2)
—— MGMG (H2’)

30 A MGDG (H1a)
29
20 -
15 1
10 -

MGDG (H1b)

Concentration (mM)

250 500 750 1000

Time (min)

-34 -



Figure 6. Time-course variations in the concentrations of lipolysis products and residual
substrate during the hydrolysis of C8-MGDG-NaTDC micelles by GPLRP2. Experiments were
monitored using either real-time NMR spectroscopy (Panel A) or TLC-densitometry after lipid
extraction (panel B). Hydrolysis of C8-MGDG-NaTDC micelles was catalysed by 100 nM

GPLRP2 at pD 8 and 37 °C.
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Figure 7. Mass conservation throughout the lipolysis reaction as estimated from the
quantitative analysis of residual C8-MGDG substrate and lipolysis products (MGMG, MGG

and free OA) by 'H-NMR spectroscopy.
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Figure 8. DOSY-NMR of C8-MGDG substrate, lipolysis products and bile salts in the course
of the lipolysis reaction. Specific resonances of these various compounds led to the
determination of their translational diffusion coefficients (D) expressed in m2.s* and allowed
estimating the hydrodynamic radius (r+) of the molecular assemblies in which these compounds
were present. DOSY spectra recorded on the TES-NaTDC solution (panel A), as well as after
addition of MGDG (t=0, panel B), and on the reaction stop at 20 min (panel C) and at the end
of the reaction (panel D) are shown. On the top, the *H spectra recorded at a low gradient
strength is depicted, as well as the resonances chosen to determine the diffusion coefficients.
The x-axis of the two-dimensional plots is the proton NMR frequency and the y axis is the
diffusion coefficient (m?.s) determined using equation (5). A binomial fit was used for the OA

resonances. Panels E, F and G show the fit of the diffusion data using equation 5. The x axis is
proportional to the square of the gradient strength, with B = [A - g] . (8.G.yy)? (refer to the

Material and Methods section), and the y axis is In(l/lo). The panel E shows the analysis of the
NaTDC resonances in TES (black), at t=0 (blue), at t=20 min (red) and at the end of the reaction
(green). The panel F shows the glycerol H2 and acyl H2’ resonances of MGDG at t=0 (blue)
and at time t=20min (red), and of MGMG at t=20min (black), as well as the galactose
resonances of MGG at the end of the reaction. The panel G shows the OA acyl resonances at

t=20min (red) and at the end of the reaction (green).
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Figure 9. Schematic representation of changes in lipid composition and colloidal structures
upon the hydrolysis of MGDG by GPLRP2. The sizes (hydrodynamic radius (ru)) of the
molecular aggregates (micelles) formed by MGDG, MGMG, bile salts (NaTDC) and OA in the

course of the lipolysis reaction were deduced from DOSY-NMR spectroscopy experiments.
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Table 1: *H and 3C NMR chemical shifts of C8-MGDG, C8-MGMG, MGG and free OA.

'H (ppm) C (ppm)
Compound [Proton Carbone
MGDG | MGMG | MGG |Free OA MGDG | MGMG | MGG |Free OA
4.12 4.05 4.07
H1 Cl 70.5 73.6 73.4
3.93 391 392
Glycerol H2 5.43 5.19 - C2 73.2 76.2 -
4.62 4.31
H3 - C3 66.0 68.1 -
4.35 4.27
HS’ 1.00 1.00 1.00 C®’ 16.7 16.7 16.7
H7 1.42 1.42 1.42 cr 25.5 25.5 25.5
H6’ 1.42 1.42 1.42 Cce’ 32.1 32.1 32.1
H5’ 1.40 1.40 1.40 Cs’ 34.6 34.6 34.6
OA
H4’ 1.42 1.42 1.42 C4 32.1 32.1 32.1
H3’ 1.71 1.74 1.68 Cc3 27.8 27.5 28.8
2.46 37.0
H2’ 2.51 2.30 Cc2 36.7 40.4
2.42 36.9
H1” 4.48 4.51 4.55 Cc1» 106.5 106.4 106.0
H2” | 3.67 3.69 3.69 c2” 735 73.7  73.7
H3” | 3.77 3.78 3.79 c3” 75.6 755 755
Galactose
H4” 4.09 4.08 4.07 c4” 71.1 71.2 71.3
H5” 3.77 3.79 3.83 cs” 7.7 77.9 77.9
H6” | (a)- - - Cce6” - - -
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Table 2: Proportionality coefficients (Pc) of C8-MGDG, MGG and Free OA protons obtained

using their initial and final concentrations, respectively.

H”(a) H”(b) H'l' H)
MGDG (t) | P M6GDG (to) M6GDG (o) | P MGDG (to) CmaGa (tf ) PCFree 0A (tf)
17242 mM1 12917 mM1 14222 mM1 60678 mM*! 13703 mM1 32804 mM?
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Table 3: Diffusion coefficients (D, m?.s?) and hydrodynamic radii (rs, nm) of the main
aggregates containing NaTDC, MGDG and lipolysis products at different stage of the reaction.
Hydrodynamic radii of the aggregates were estimated using the resonances assigned to H2 and
H2" protons of C8-MGDG, H2 and H2" proton from MGMG, H2 and galactose protons from
MGG and H2' and CH. protons from OA. A binomial fit was used for the OA resonance, and
an approximation of their relative signal intensities are indicated in brackets. This is not directly
related to the relative population because signal intensity is also function of the size of the

particle and the tumbling time of the molecules.

Compound Condition and time D (m?s?) ra (nm)
Alone in buffer 1.4+0.110% 23+0.2
Initial mixed 45+0510"" 7.3+05
NaTDC micelles
During the reaction 1.3+0.210% 23+0.3
End of the reaction 1.1+0.2107% 29+0.4
C8-MGDG Initial mixed 45+05101 7.3+05
micelles
During the reaction 1.3+0.21010 23+0.3
MGMG During the reaction 1.65+0.15 100 2+05
During the reaction | 4.5+ 0.5 10°(60-70%) | 0.7 + 0.1 (60-70%)
1.5+ 0.2 10°(30-40%) | 2.2 + 0.4 (30-40%)
oA End of the reaction | 4.6 +0.5 101°(95%) 0.7 + 0.1 (95%)
1.1+ 0.2 1010 (5%) 2.9+0.5 (5%)
MGG End of the reaction 6.5+110% 05+0.1
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