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A B S T R A C T   

Galactolipids are the most abundant lipids on earth where they are mainly found in photosynthetic membranes of 
plant, algae, and cyanobacteria. Pancreatic lipase-related protein 2 (PLRP2) is an enzyme with galactolipase 
activity allowing mammals, especially herbivores, to digest this important source of fatty acids. We present a 
method for the quantitative analysis of galactolipids and galactosylated products resulting from their digestion 
by guinea pig PLRP2 (GPLRP2), using thin-layer-chromatography (TLC), thymol-sulfuric acid as derivatization 
reagent and scanning densitometry for detection. Thymol-sulfuric acid reagent has been used for the colorimetric 
detection of carbohydrates. It is shown here that the derivatization of galactosyl group from galactolipids by this 
reagent is not affected by the bound acyl glycerol, acyl chains length and number of galactose residues in the 
polar head. This allowed quantifying simultaneously the initial substrate and all galactosylated products 
generated upon the hydrolysis of monogalactosyl di-octanoylglycerol (C8-MGDG) by GPLRP2 using a single 
calibration with C8-MGDG as reference standard. The reaction products, monogalactosyl monooctanoyl glycerol 
(C8-MGMG) and monogalactosyl glycerol (MGG), were identified and quantified, MGG being recovered from the 
aqueous phase and analyzed by a separate TLC analysis. This method is therefore suitable to quantify the 
products resulting from the release of both fatty acids present in MGDG and thereby shows that PLRP2 can 
contribute to the complete digestion of galactolipids and further intestinal absorption of their fatty acids.   

1. Introduction 

Galactolipids are the most abundant lipids on earth, where they are 
mainly found in thylakoid membranes of plant, algae, and cyanobacteria 
chloroplasts [1–4]. They represent an important source of fatty acids for 
herbivores [5] and are the main source in Nature of the essential 
α-linolenic acid [6]. They also have several potential applications in 
pharmaceutical [7–9] and food industries [10–13]. For some applica
tions such as in nutrition, galactolipids in their native form are 

sufficient, but for other applications like biofuels and surfactants, it 
would be necessary to transform them via acyl transfer reactions using 
chemical or lipase-based catalysis [14,15]. Here, we present a method 
for the qualitative and quantitative analysis of galactolipids and their 
galactosylated degradation products, using Thin-Layer-Chromatography 
(TLC) coupled to scanning densitometry. 

Typically, lipid quantification by TLC comprises four steps: spotting 
samples on silica plate, separation by elution with a suitable solvent, 
revealing lipid spots or bands by derivatization and finally 
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quantification by scanning densitometry at an appropriate wavelength. 
Many non-specific reagents can reveal a wide range of lipids simulta
neously. Among the most used and well-known methods, one can cite 
sulphuric acid treatment [16–19], sulphuric acid and potassium di
chromate treatment [16,20,21], phosphoric acid and copper acetate 
treatment [18,22], and iodine vapor treatment [16,23–25]. These re
agents cause cleavage, oxidation or dehydration reactions on acyl chains 
and produce brown to black spots of elemental carbon. The main 
weakness of these methods is their lack of sensitivity to saturated lipids. 
However, concerning polar lipids like phospholipids and galactolipids, 
one can use reagents that target their polar head irrespective of the 
degree of unsaturation of their acyl chains. Phosphorus reagents such as 
molybdenum blue are for instance widely used for the detection of 
phospholipids on TLC plates [26]. Similarly, it is possible to detect 
galactolipids based on the reactivity of their galactosyl groups. 

The thymol-sulphuric acid reagent, developed by Hans Molisch in 
1886, was initially used for the detection of carbohydrates. Molisch 
reported that a sugar solution turns carmine red when mixed with a 
solution of thymol with 15–20% alcohol and excess sulphuric acid. He 
also reported that the mixture turns purple when α-naphthol is used 
instead of thymol [27]. In 1888, Udranszky showed that furfuraldehyde 
reacts with the thymol-sulphuric acid reagent in the same way as sugars. 
He concluded that in the sugar detection, the coloured compound for
mation does not directly involve sugar but rather furfuraldehyde 
resulting from the dehydration of sugar by sulphuric acid and cycliza
tion [28]. In 1954, Schmor performed the first quantitative analysis of 
glucose in blood samples using the thymol-sulfuric reagent and 
photometer. Schmor’s objective was to find an alternative to anthrone 
reagent because the latter cannot be kept for more than one day due to a 
darkening phenomenon. He reported that the thymol-sulfuric acid re
agent could be stored and used for several months [29]. In 1965, Sumu 
Adachi adapted it for the first time to TLC in order to perform a quali
tative analysis of sugars in dairy products [30]. In 1970, Bukharov and 
Karneeva also adapted the reagent to TLC and used scanning densi
tometry to make it both a qualitative and quantitative method for sugar 
analysis [31]. Later, this reagent started to be used for the analysis of 
glycosylated molecules. For instance, in 1979, Racusen adapted it for the 

detection of glycoproteins separated by electrophoresis in acrylamide 
gel [32]. In 1999, Kim et al. used the thymol-sulfuric acid reagent for the 
qualitative analysis of yeast glycolipids separated by TLC [33]. 

Several other reagents composed of thymol-like chromogens and 
excess acid were also used for the detection of carbohydrates. As ex
amples of these chromogens we can cite cholic acid [34], resorcinol 
[35], naphthoresorcinol [36], benzidine [37], anthrone [38], and 
phenol [39]. The mechanism of action common to all these reagents can 
be separated into three steps. Firstly, osidic bonds are hydrolysed by the 
excess acid, particularly in the case of glycosylated molecules detection. 
Secondly, the released sugars are dehydrated and cyclized into furfural 
derivatives by acid catalysis [32,40]. Thirdly, the furfural derivatives 
are condensed with the chromogenic reagent, typically a phenolic 
compound, to give a three ring derivative (Fig. 1) [41]. 

Pancreatic lipase-related protein 2 (PLRP2) is an enzyme expressed 
in the pancreas of several mammals such as mouse [42], human [43], 
guinea pig [44], rat [45], and coypu [46]. Its peculiarity compared to 
other pancreatic lipases is its combination of lipase, phospholipase A1 
and galactolipase activities [47]. Among various physiological roles, one 
is to digest plant membrane lipids, mainly composed of galactolipids 
[6]. Most studies on the characterization of PLRP2 galactolipase activity 
were based on the analysis of the fatty acids released from galactolipids 
by the enzyme, but very few of these studies also examined other 
products released upon galactolipid hydrolysis. In 1996, Anderson et al. 
studied the in vitro digestion of tritium-labelled galactolipids ([3H]- 
labelled fatty acids or galactose) by recombinant rat and guinea pig 
PLRP2s. Using TLC and radioactivity detection, they observed and 
quantified substrate consumption and production of free fatty acid, lyso- 
galactolipid and of a water-soluble compound [48]. In 2000, Sugawara 
and Miyazawa investigated digestion of MGDG and DGDG in the rat 
alimentary canal. Using HPLC combined with ELSD detector, they 
identified among the reaction products lysogalactolipids and two 
products corresponding to the full deacylation of galactolipids, mobo
galactosyl glycerol (MGG) and digalactosyl glycerol (DGG) [49]. In 
2010, Amara et al. analyzed the action of recombinant human and 
guinea pig PLRP2s on purified spinach leaf galactolipids using TLC and 
Fewster’s copper acetate detection. They observed the consumption of 

Fig. 1. Scheme of the reaction of thymol-sulfuric acid reagent with carbohydrates, based on Molisch’s test [27].  
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galactolipids and the accumulation of lyso-galactolipids and free fatty 
acids [50]. 

Here we investigated the use of thymol-sulfuric acid derivatization 
for the qualitative and quantitative analysis by TLC of galactolipids and 
galactosylated products resulting from their degradation. In a first part, 
we studied the influence of glycerol moiety, acyl chain length and 
number of galactose residues on the derivatization of galactolipid 
galactose residues by the thymol-sulfuric acid reagent. For this, we 
compared the detection by scanning densitometry of free galactose and 
galactolipids with different acyl chain lengths and polar head. In a 
second part, we used this detection method for the analysis of gal
actosylated products resulting from the hydrolysis of monogalactosyl di- 
octanoylglycerol (C8-MGDG) by PLRP2. Finally, we also used it to 
analyze natural galactolipids from spinach. This allowed validating a 
quantitative but non selective method for galactolipids and products 
resulting from their deacylation. 

2. Materials and methods 

2.1. Reagents 

Galactolipids standards, monogalactosyl di-octanoylglycerol (C8- 
MGDG; Mw = 506 g/mole), monogalactosyl di-palmitoylglycerol (C16- 
MGDG), and digalactosyl di-octanoylglycerol (C8-DGDG), were syn
thesized as previously described [51–53]. Sodium taurodeoxycholate 
(NaTDC), Thymol, galactose, sulphuric acid and N-tris[hydroxymethyl] 
methyl-2-aminoethane-sulfonic acid (TES) were purchased from Sigma- 
Aldrich (Saint-Quentin Fallavier, France). Calcium chloride (CaCl2) and 
sodium chloride (NaCl) were obtained from Euromedex (Souffelweyer
sheim France). Acetonitrile, chloroform, ethanol and methanol were all 
HPLC grade from Carlo Erba (Peypin, France). 

2.2. Production and purification of rGPLRP2 

Recombinant guinea pig PLRP2 (rGPLRP2) was produced in Asper
gillus orizae and purified as previously described [44]. 

2.3. Preparation of the thymol-sulfuric acid reagent 

One gram of thymol was dissolved in 190 mL of ethanol. Ten milli
litres of 96% sulfuric acid were then added gradually. The reaction being 
exothermic, the operation was carried out in a cold water bath. 

2.4. Standards preparation 

Galactolipid standards were solubilized in chloroform:methanol 
mixture (2/1 v:v) and free galactose standard in water:ethanol mixture 
(1/5 v/v) before being applied on TLC plates. 

2.5. Preparation of MGDG-bile salt micelles 

Monogalactosyldioctanoylglycerol (C8-MGDG) was used to form 
mixed micelles with NaTDC. It was added in a buffer solution containing 
65 mM NaTDC, 450 mM TES, 100 mM NaCl and 5 mM CaCl2 and then 
dispersed using vortex followed by ultrasonic treatment for 8 min in a 
water bath at room temperature. NaTDC to C8-MGDG molar ratio was 
1.33. The high buffer concentration (450 mM TES) was selected from 
another study in order to limit pH variations due to the release of 
octanoic acid during the reaction (data not shown). 

2.6. MGDG lipolysis 

Lipolysis reactions were carried out by adding rGPLRP2 to the C8- 
MGDG-NaTDC micelles solution to obtain 50 nM enzyme concentra
tion, at pH 8 and 37 ◦C. The total reaction volume was 200 µL. Aliquots 
of 25 µL were collected at different reaction times and immediately 

mixed with 1 mL of a stop solution containing 200 mM HCl and 150 mM 
NaCl. 

2.7. Extraction of reaction products 

To extract the reaction products and residual substrate, 1.35 mL of 
chloroform:methanol mixture (2/1, v/v) was added to all stopped ali
quots, mixed and shaken vigorously using vortex and the organic and 
aqueous phases were separated by centrifugation using a Sigma 3–18 K 
centrifuge (1 min at 1000g). Both phases were separated in different 
tubes and kept at − 20 ◦C until the TLC analysis was performed. 

2.8. TLC-densitometry analysis 

The organic and aqueous phases were spotted on separate TLC silica 
gel 60 glass plates (10 × 20 cm; from Merck, Saint-Quentin Fallavier, 
France; reference MC1056260001) using a Linomat IV sample spotter 
(Camag, Muttenz, Switzerland) equipped with a 100 μL Hamilton sy
ringe. Besides the samples, six quantities (0.4, 0.8, 1.6, 3.2, 4.8 and 6.4 
nmoles; or 0.2, 0.4, 0.8, 1.6, 2.5 and 3.3 µg) of C8-MGDG were also 
spotted on each plate for calibration. The elutions were then performed 
with chloroform/methanol/water (25/15/1.25, v/v/v) for organic 
phase samples and acetonitrile/water (8/15, v/v) for aqueous phase 
samples, respectively. 

After elution, the plates were dried at room temperature, under fume 
hood. They were then dipped in the thymol-sulfuric acid reagent using a 
Chromatogram Immersion Device 3 (Camag, Muttenz, Switzerland), 
dried at room temperature and placed in oven at 100 ◦C for 10 min. 
Absorbances of revealed spots and bands were measured at both 510 and 
366 nm using a Camag TLC Scanner II (Camag, Muttenz, Switzerland) 
coupled to a D2000 + Chromato-Integrator (Merck). The quantification 
was carried out using a C8-MGDG calibration curve established from 
standards spotted on each plate. All calibration curves describing the 
changes in optical density as a function of the amounts C8-MGDG, 
galactose, C16-MGDG or C8-DGDG were obtained from data point 
curve-fitting using a four-parameter logistic regression available on 
GraphPad’s Prism software program (San Diego, USA). The corre
sponding equation and parameters for each compound are indicated in 
Table 1. 

2.9. Statistical analysis 

Results are shown as mean values ± standard deviation. Replicate 
number is ≥3 for all data analyzed. Groups of data were compared by a 
one-way analysis of variance (ANOVA; Microsoft Office Excel Profes
sional Plus 2016) and specific differences between groups were statis
tically analyzed by Student t-test (t-test; Microsoft Office Excel 
Professional Plus 2016). Differences were considered significant at p ≤
0.05 

Table 1 
Calibration curves obtained after fitting the variations in absorbance at 366 nm 
(y) with the amounts of galactolipids (x). A 4-parameter logistic regression 
appeared as the most suitable to fit the experimental data and the parameters 
were estimated using the following equation: y = d + [(a− d)/(1 + (x/c)b] or x =
c[(a− d)/(y− d)− 1]1/b.  

Compound a b c d R2 

Galactose 2933 1.31 2.17 1.19 × 105 0.9724 
C8-MGDG 6501 0.87 8.051 2.95 × 1010 0.9884 
C16-MGDG 8414 0.81 8.50 × 107 2.08 × 105 0.9608 
C8-DGDG 19,756 1.27 3.815 1.45 × 105 0.9888  
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3. Results and discussion 

3.1. Choice of wavelength for analysis by scanning densitometry 

Absorbance measurements at a wavelength of 510 nm were initially 
chosen because it corresponds to the maximum absorption of thymol- 
derivatized galactose [54]. However, we also tested whether absor
bance at 366 nm, a wavelength commonly used for other types of 
staining, could be used for quantifying thymol-derivatized galactolipids. 

The TLC separation of C8-MGDG and its derivatization by thymol 
was chosen as a model system to compare the two wavelengths. As 
shown in Fig. 2A, absorbance at 510 nm was about 3.5 times higher than 
the absorbance at 366 nm, right after drying and staining the TLC plate 
(t = 0). Absorbance at 510 nm then appeared to be unstable with time 
and decreased gradually with 10% loss of its intensity after 40 min, and 
50% after 72 hr. Absorbance at 366 nm was lower but more stable. 
Indeed, its intensity decreased by 15% after 2 h 40 min but then 
remained constant until 72 h at least. After stabilization of the absor
bances, the intensity at 510 nm was about 2.1 times higher than the 
intensity at 366 nm. The color of the band also changed with time from 
red to gray color. Calibration curves for C8-MGDG could be established 
at both wavelengths (Fig. 2B), showing the higher sensitivity of mea
surements at 510 nm. 

However, when analyzing natural lipid extracts from plant leaves, 
measurements of absorbances at 366 nm had the advantage of reducing 
the interference of colored compounds present in lipid extract on gal
actolipid detection, as shown by the densitograms obtained at 366 and 
510 nm (Fig. 3). Previous TLC analysis of lipid extracts from plant leaves 
containing galactolipids and photosynthetic pigments have shown that 

some carotenoids, absorbing light maximally between 460 nm and 550 
nm, are migrating close to MGDG [12]. One can assume that absorbance 
measurements at 366 nm allow reducing the detection of these 
compounds. 

Another advantage of using 366 versus 510 nm was also noticed 
when we analyzed the lipolysis products of C8-MGDG that are soluble in 
water (see next section and Fig. 5B). When hydrolysis of C8-MGDG was 
performed in the presence of bile salts (NaTDC), the lysogalactolipid C8- 
MGMG was found to migrate very close to NaTDC. In the densitogram/ 
chromatogram obtained at 510 nm (Fig. 5C), the detected peaks of 
NaTDC and C8-MGMG overlapped, making the integration of C8-MGMG 
peak less accurate. The analysis at 366 nm allowed removing NaTDC 
detection and peak while preserving the absorbance of C8-MGMG. Since 
our present and future objectives were to analyze the hydrolysis of 
galactolipids from various sources in the presence of bile salts, we have 
chosen the wavelength of 366 nm for all quantitative analysis of gal
actolipids. The stability of absorbance at this wavelength also allows a 
better repeatability of measurements. 

3.2. Influence of acyl chains length and galactose residue number on 
quantification with thymol-sulfuric acid reagent 

The derivatization of free galactose, C8-MGDG, C16-MGDG and C8- 
DGDG by the thymol-sulfuric acid reagent were compared. All four 
compounds exhibited similar carmine red-coloured bands as illustrated 
in Fig. 1. We then investigated the variations in absorbance with the 
amount of these compounds (Fig. 4A and Table 1). For each compound, 
six different amounts ranging from 0.4 to 6.4 nmoles (0.2 to 3.3 µg for 
C8-MGDG) were spotted on TLC plates and revealed by derivatization 
after elution. The absorbances obtained with free galactose were on 
average 25% higher than those obtained with MGDGs. This deviation 

Fig. 2. Comparison of C8-MGDG absorbances at 510 nm and 366 nm after 
separation by TLC and derivatization with thymol. Panel A: Variation with time 
in the absorbances of C8-MGDG TLC band at 510 nm and 366 nm. Scanning 
densitometry was performed immediately after derivatization and plate drying, 
and was repeated at various times for 72 h. Inserts show the color of the C8- 
MGDG band at times 0 and 20 min. Panel B: Calibration curves obtained 
from the separation on TLC plate of various amounts of C8-MGDG and scanning 
densitometry at either 510 nm or 366 nm. 

Fig. 3. Chromatograms of polar lipids from spinach leave chloroplasts sepa
rated by TLC and revealed by derivatization with thymol. Chromatograms were 
obtained by scanning densitometry at either 510 nm or 366 nm. The scanned 
TLC lane is shown below the chromatograms, with arrows indicating the 
location of DGDG and MGDG bands. The chromatogram peaks corresponding to 
these compounds are colored in pink. (For interpretation of the references to 
color in this figure legend, the reader is referred to the web version of 
this article.) 
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however increased with the amounts of compounds whereas at the 
lowest amount tested (0.4 nmoles) absorbances for galactose and 
MGDGs were very close. The colour of the bands being identical, one can 
raise the hypothesis that the acid-catalyzed deglycosylation step [32] 
releasing galactose from MGDG is not complete during the derivatiza
tion process under the conditions used, giving less dye than with free 

galactose. Therefore, the use of free galactose as a calibration standard 
for the quantification of galactolipids does not seem possible. 

The calibration curves obtained with C8-MGDG and C16-MGDG are 
similar (Fig. 4A and Table 1) with a normalized root-mean-square de
viation of 10%. On average, the difference in absorbance of their 
derivatized compounds is not significant (Student’s test, P > 0.05) for 
five of the six amounts tested. Therefore, all derivatization steps 
including the deglycosylation appear identical for both MGDGs. The 
length of the saturated acyl chains does not affect significantly the yield 
of derivatization. 

The absorbances obtained with C8-DGDG were increased two-fold 
compared to those obtained with MGDGs (Fig. 4A and B), with a 
normalized root-mean-square deviation of 98%. We therefore assume 
that the acid-catalyzed deglycosylation of C8-DGDG occurs in the same 
proportion as with MGDGs and that the digalactosyl polar head is 
further hydrolysed into two molecules of galactose, resulting in identical 
dyes but twice the amounts obtained with MGDGs. 

3.3. Qualitative analysis of MGDG enzymatic hydrolysis 

C8-MGDG-NaTDC mixed micelles were incubated with rGPLRP2. 
Residual substrate and galactosylated compounds produced during the 
reaction were extracted, separated and quantified from samples 
collected in the course of the reaction. The organic and aqueous phases 
resulting from the extraction were separated and eluted on TLC plates 
with two different solvent mixtures consisting of chloroform/methanol/ 
water (25/15/1.25, v/v/v) for compounds soluble in the organic phase 
samples and acetonitrile/water (85/15, v/v) for compounds present in 
the aqueous phase. In both cases, the separated compounds were 
derivatized with the thymol-sulfuric acid reagent. On TLC plates pre
sented in Fig. 5, the same extract volume was applied for all reaction 
times to follow the reaction progress. 

Three thin bands were detected from the development of organic 
phase samples (Fig. 5A). The middle band decreasing with time corre
sponds to residual C8-MGDG, as indicated by the reference standards 

Fig. 4. Calibration curves established with free galactose, C8-MGDG, C16- 
MGDG and C8-DGDG (Panel A). Absorbances were measured at 366 nm after 
migration of various amounts (nmoles) of these compounds on TLC plates and 
derivatization using the thymol-sulfuric acid reagent. Absorbances values are 
means ± SD (n = 3). Panel B shows the C8-DGDG to C8-MGDG absorbance ratio 
as a function of the amounts (nmoles) of compounds. 

Fig. 5. TLC analysis of C8-MGDG-NaTDC 
micelles hydrolysis by rGPLRP2. The reac
tion was performed at pH 8 and 37 ◦C using 
an enzyme concentration of 50 nM. Substrate 
and products were extracted using Folch 
method, separated by TLC and derivatized 
using thymol-sulfuric acid reagent. Plate in 
panel A corresponds to the separation of 
compounds present in the organic phase 
after extraction and plate in panel B to the 
separation of compounds remaining in the 
aqueous phase. The same extract volume was 
applied for all reaction times to make the 
reaction evolution apparent. Panel C shows 
the scanning densitometry chromatograms at 
wavelength of 510 and 366 nm for the sep
aration of C8-MGMG, NaTDC and MGG.   
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present on the right side of the same plate. The faint lower band below 
C8-MGDG corresponds to a less hydrophobic compound increasing with 
time that we attributed to C8-MGMG. The faint upper band above C8- 
MGDG corresponds to a more hydrophobic compound, presumably 
containing additional acyl chains compared to C8-MGDG. We assume it 
is an acyl-MGDG, formed by the addition of one acyl chain to the pri
mary hydroxyl group of MGDG galactosyl group (Fig. 6). This type of 
acylation transfer reaction on galactolipids in the course of lipolysis was 
previously observed when using fungal and bacterial lipases in organic 
media [15,55,56] but not yet with rGPLRP2. 

Three main bands were also detected from the development of the 
aqueous phase samples (Fig. 5B). The lowest fuzzy band corresponding 
to the most hydrophilic product was coloured in red and its retention 
factor (Rf) was lower than that of free galactose (data not shown). It 
corresponds to the water-soluble compound previously observed by 
Andersson. et al using radiolabeled compounds [48] and we attributed 
this band to MGG. We have then confirmed this attribution using NMR 
(to be published). The fuzzy intermediate band above MGG had a green 
color, indicating that it did not contain galactose. Its intensity did not 
change during the reaction and it was attributed to NaTDC used to 
prepare mixed micelles. As mentioned in the previous section, the 
presence of NaTDC band close to that of C8-MGMG could interfere with 
the detection of this latter at 510 nm but densitometry at 366 nm 
allowed reducing this interference (Fig. 5C). The last upper band had a 
red color and thus it corresponds to a compound containing galactose. 
Using organic phase samples eluted with the same polar solvent mixture, 
the retention factor (Rf) corresponding to this band was identical to that 
of C8-MGMG (data not shown). C8-MGMG thus partitioned between 
organic and aqueous phases. However, its quantification in both phases 
allowed to estimate that 96% of C8-MGMG remains in the aqueous phase 
after extraction. The higher affinity of C8-MGMG for the aqueous phase 
than for the organic phase probably results from its high hydrophilic/ 
lipophilic balance (HLB = 15.58). Nevertheless, the micellar 

solubilisation of C8-MGMG by NaTDC may also contribute to its larger 
partitioning towards the aqueous phase. When analyzing reaction 
products with such a high HLB, one has to check their recovery upon 
extraction by organic solvents. However, we previously observed that 
most MGMG produced from the hydrolysis of natural long-chain gal
actolipids can be recovered in the organic phase, with a good stoichi
ometry with respect to MGDG hydrolysis [12,50]. 

3.4. Quantitative analysis of MGDG enzymatic hydrolysis 

All TLC detected galactosylated products were quantified using the 
absorbances at 366 nm of their derivatives formed upon acid-catalyzed 
reaction with thymol and a calibration curve established with various 
amounts of C8-MGDG (Fig. 4), loaded on each TLC plate. The volumes of 
organic and aqueous phases loaded on TLC plates were however adapted 
for the quantification. Several volumes/amounts of extract were tested 
and applied for each reaction time in order to obtain for all compounds 
an absorbance corresponding to the central part of the C8-MGDG cali
bration curve, corresponding to around 3 nmoles of compound loaded 
on the plate (1.5 µg for C8-MGDG). This allowed quantifying residual 
substrate and galactosylated products in the course of the reaction 
catalyzed by rGPLRP2 during two hours (Fig. 7). 

The quantification of C8-MGDG, C8-MGMG, acyl-MGDG and MGG 
also allowed estimating the conservation of total galactose, as well as the 
variation in the concentration of free octanoic acid released during the 
reaction using the following equations (1) and (2). 

[total galactose] = [MGDC] + [MGMG] + [MGG] + [acyl − MGDC] (1)  

[Free octanoic acid] = [MGMG] + 2.[MGG] − [acyl − MGDG] (2) 

C8-MGDG was quickly hydrolyzed and had almost completely dis
appeared after 40 min of reaction. C8-MGMG, estimated from the sum of 
the amounts recovered in the aqueous and organic phases, initially 

Fig. 6. Reaction scheme for the hydrolysis of C8-MGDG catalyzed by rGPLRP2 at pH 8 and 37 ◦C. Acyl-MGDG results from the rGPLRP2-catalyzed acylation of the 
galactose in C8-MGDG. 1-sn-MGMG and 2-sn-MGMG are monogalactosyl monooctanoylglycerol with one acyl chain at positions sn-1 and sn-2 of the glycerol 
backbone, respectively. The mechanism of intramolecular acyl chain migration catalyzed by a water molecule is indicated. 
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accumulated up to an optimum at around 15 min and then slowly 
decreased over time (Fig. 5). Andersson et al observed similar variations 
using radiolabelled galactolipids [48], while Amara et al did not observe 
MGMG consumption during the hydrolysis of natural galactolipids by 
rGPLRP2 [50]. Nevertheless, it should be noted that reaction was 
monitored for only 30 min in this latter case. One can deduce from these 
previous findings and our observations that rGPLRP2 can rapidly release 
one acyl chain out of the two present in galactolipids. Previous studies 
have shown that rGPLRP2 has a regioselective preference for the ester 
bond at the sn-1 position of glycerol in polar lipids [47,57]. Withers- 
Martinez et al have modelled a molecule of DGDG in the active site of 
the known 3D structure of a GPLRP2 chimera and the most favourable 
steric organization suggested that the ester bond at sn-2 position unlike 
the ester bond at sn-1 position could not be hydrolyzed by GPLRP2 [58]. 
More recent studies performed with synthetic acylglycerol substrates 
bearing non-hydrolysable bonds at sn-1 or sn-2 positions have however 
shown that rGPLRP2 can hydrolyze the ester bond at sn-2 position at a 
rate that is 10-fold lower compared to the hydrolysis of the ester bond at 
sn-1 position [59]. It is not known yet whether GPLRP2 displays a 
similar regioselective preference on galactolipids, but two hypotheses 
can be raised concerning the slow hydrolysis of C8-MGMG and the 
production of MGG observed during the enzymatic hydrolysis of C8- 
MGDG by rGPLRP2. After the rapid cleavage of the ester bond at sn-1 
position of C8-MGDG, rGPLRP2 would either act directly on the 
generated 2-sn-MGMG or alternatively, an intramolecular acyl-chain 
migration from the sn-2 to sn-1 position could occur, thus generating 
1-sn-MGMG that would be further cleaved by rGPLRP2 (Fig. 6). Such an 
isomerisation could be favoured at pH 8 and has been shown in the case 
of lysophospholipids, thus explaining how a phospholipase A1 (PLA1) 
could release the two fatty acids present in a phospholipid molecule 
[60]. It is also worth noticing that a similar mechanism of sn-2 to sn-1 
acyl chain migration was recently proposed to explain the role of 
PLRP2 in brain phospholipid remodelling [61]. 

Low amounts of acyl-MGDG (concentration < 1 mM) also initially 
accumulated and rapidly disappeared (Fig. 7B). This was concomitant 
with the highest rate of octanoic acid release by rGPLRP2 at the 
beginning of the reaction and one can envision that the trapping of both 
C8-MGDG and octanoic acid in mixed micelles might favour the acyl- 
transferase activity of rGPLRP2, as observed with other lipases in 
organic media [15,55,56]. The transient production of acyl-MGDG by 

GPLRP2 was not detected or reported in previous studies. 
MGG accumulated all along the reaction (Fig. 7A) in the same way as 

the water-soluble product observed by Anderson et al [48]. The esti
mated total galactose concentration appeared to be constant all along 
the reaction (Fig. 5A). A one-way ANOVA test on total galactose con
centrations did not give any significant difference (P > 0.05) between 
the different reaction times. Besides confirming the stoichiometry of the 
reaction based on product analysis, this conservation of galactose con
firms that galactosyl group is revealed with the same intensity in C8- 
MGDG, C8-MGMG, MGG and acyl-MGDG, and by the way confirms 
that the number and position of acyl chains does not affect the identi
fication of galactolipids by the thymol and sulfuric acid reagent. 

The reaction scheme in Fig. 6 takes into account all galactosylated 
products observed and quantified by TLC during the hydrolysis of C8- 
MGDG by rGPLRP2, considering that this enzyme preferentially hy
drolyses ester bonds at the sn-1 position of glycerol or transiently formed 
on the galactosyl group. We did not envision the possibility that 
rGPLRP2 could also acylate galactosyl groups in MGMG and MGG to 
form acyl-MGMG and acyl-MGG, because no additional bands were 
visible on the TLC plates. Moreover these products, if produced, could 
migrate with the same Rfs as MGDG and MGMG, respectively, because of 
having equal numbers of acyl chains. The product variations with time 
shown in Fig. 7 support this reaction scheme with very good stoichi
ometries. The amounts of octanoic acid released during the reaction 
could therefore be estimated with a good accuracy from the quantifi
cation of C8-MGMG and MGG. The specific activity of rGPLRP2 on C8- 
MGDG, expressed in µmoles of fatty acid released per min and per mg of 
enzyme (U/mg), was estimated from the release of octanoic acid during 
the first 10 min of the reaction. The value obtained (1945 ± 116 U/mg; 
n = 3) is in the same order of magnitude but 2.8-fold lower than the 
specific activity of rGPLRP2 reported by Amara et al (5420 ± 85) using 
the same substrate [50]. In this previous study, the activity was however 
deduced from the continuous titration of free fatty acids with the pH-stat 
technique. Stirring was more vigourous under these conditions and the 
fact that fatty acids were continuously neutralized to keep pH constant 
had certainly an impact on the reaction rate. Here, a high concentration 
of TES buffer (450 mM) was used to prevent large pH changes during the 
reaction but this may have also impacted the reaction rate. 

3.5. Application to the analysis of natural galactolipids from plant leaves 

TLC separation coupled to derivatization by thymol-sulfuric acid 
reagent and scanning densitometry was also applied to the quantitative 
analysis of natural galactolipids present in chloroplasts prepared from 
spinach leaves and galactosylated lipolysis products resulting from 
digestion by human pancreatic juice under conditions mimicking those 
found in the upper small intestine (Fig. 8A). In the study previously 
published by Wattanakul et al., the respective amounts of MGDG and 
DGDG were estimated from calibration curves established with purified 
MGDG and DGDG as reference standards [12]. Here, we used only the 
calibration curve established with MGDG to re-estimate the amounts of 
MGDG and DGDG, as well as those of the lipolysis products MGMG and 
DGMG obtained after 90 min of incubation (Fig. 8B). From the indi
vidual concentrations of all galactosylated products, we could estimate 
the equivalent concentration of galactose (1 galactose in MGDG and 
MGMG, 2 in DGDG and DGMG) before (t = 0) and after digestion (t = 90 
min) and found that it was conserved (Fig. 8B). It therefore seems that 
the derivatization of galactose by the thymol-sulfuric acid reagent is 
similar in natural MGDG and DGDG, as observed with synthetic medium 
chain (C8) galactolipids (Fig. 4A). Moreover, the quantification of 
MGMG and DGMG, leading to a conservation of galactose, suggests that 
this reaction is also similar in lysogalactolipids and is thus independent 
of the number of acyl chains on the glycerol backbone. The conservation 
of galactose in products recovered from the organic phase after lipid 
extraction indicates that no significant amounts of MGG nor DGG were 
formed under these conditions, This is in agreement with the amounts of 

Fig. 7. Time-course variation in residual substrate and reaction products dur
ing the hydrolysis of C8-MGDG-NaTDC micelles by rGPLRP2. Reaction was 
performed at pH 8 and 37 ◦C. Enzyme concentration was 50 nM. Concentration 
values (mM) are means ± SD (n = 3). 
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fatty released in the course of this digestion experiments and previously 
reported [12]. We assume it is due to a slower lipolysis of natural long 
chain galactolipids under these conditions compared to C8-MGDG 
lipolysis by GPLRP2, as well as to a too short incubation time 
compared to digestion in the GI tract [49]. Nevertheless, these results 
pave the way to further quantitative analysis of natural galactolipids 
from various plants and vegetables using TLC and a simple derivatiza
tion method. 

4. Conclusion 

Although the comparison of galactolipids and galactose derivatiza
tion by the thymol-sulphuric acid reagent indicated that approximately 
25% of galactosyl groups of galactolipids were not revealed by the 
derivatization reaction, further analysis on the comparison of C8- 
MGDG, C16-MGDG, C8-DGDG and hydrolysis products of C8-MGDG 
showed that the number and length of acyl chains, as well as the num
ber of galactose residues in the polar head, do not affect significantly the 
derivatization of galactolipids by the thymol-sulfuric reagent. A single 
calibration curve established with C8-MGDG could therefore be used to 
quantify both the galactolipid substrate and all galactosylated reaction 
products (C8-MGMG and MGG) released in the course of C8-MGDG 
micelles incubation with rGPLRP2. Thus, a simple derivatization pro
cedure based on Molisch’s reagent for carbohydrates allowed devel
oping a quantitative method for the analysis of galactolipids by TLC 
coupled to scanning densitometry. It is a very accessible method for the 
analysis of the most abundant acylglycerols on earth and for studying 
their digestion. Based on this method, we have shown that PRLP2 can 
release the two fatty acids present in MGDG. The overall reaction 
involving an intramolecular acyl chain migration prior to the release of 
the second chain remains to be investigated in more details, but these 
findings show that PLRP2 can contribute to the complete digestion of 
galactolipids and further intestinal absorption of their fatty acids. PLRP2 
could thus be the digestive enzyme that allows the full conversion of 
dietary galactolipids (MGDG and DGDG) into MGG and DGG, as 
observed in the distal part of the small intestine in rats [49]. Production 
of acyl-MGDG was also observed, meaning that rGPLRP2 like some 
microbial lipases can acylate the galactosyl group of galactolipids. 
PLRP2 has therefore the capacity to both acylate and deacylate sugars as 
previously shown upon hydrolysis of mycobacterial glycolipid antigens, 
phosphatidylmyo-inositol mannosides (PIM) [62]. 
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[1] P. Dörmann, in: eLS, John Wiley & Sons, Ltd, Chichester, UK, 2013. 
[2] A.A. Benson, R. Wiser, R.A. Ferrari, J. Miller, J. Am. Chem. Soc. 80 (1958) 4740. 
[3] K. Awai, Thylakoid Development and Galactolipid Synthesis in Cyanobacteria, in: 

Y. Nakamura, Y. Li-Beisson (Eds.), Lipids in Plant and Algae Development, Springer 
International Publishing, Cham, 2016, pp. 85–101. 

[4] K. Gounaris, J. Barber, Trends Biochem. Sci. 8 (1983) 378–381. 
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