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A B S T R A C T

Talaromyces thermophilus lipase (TTL) was found to hydrolyze monogalactosyl diacylglycerol (MGDG) and di-
galactosyl diacylglycerol (DGDG) substrates presented in various forms to the enzyme. Different assay techni-
ques were used for each substrate: pHstat with dioctanoyl galactolipid-bile salt mixed micelles, barostat with
dilauroyl galactolipid monomolecular films spread at the air-water interface, and UV absorption using a novel
MGDG substrate containing α-eleostearic acid as chromophore and coated on microtiter plates. The kinetic
properties of TTL were compared to those of the homologous lipase from Thermomyces lanuginosus (TLL), guinea
pig pancreatic lipase-related protein 2 and Fusarium solani cutinase. TTL was found to be the most active ga-
lactolipase, with a higher activity on micelles than on monomolecular films or surface-coated MGDG.
Nevertheless, the UV absorption assay with coated MGDG was highly sensitive and allowed measuring sig-
nificant activities with about 10 ng of enzymes, against 100 ng to 10 μg with the pHstat. TTL showed longer lag
times than TLL for reaching steady state kinetics of hydrolysis with monomolecular films or surface-coated
MGDG. These findings and 3D-modelling of TTL based on the known structure of TLL pointed out to two
phenylalanine to leucine substitutions in TTL, that could be responsible for its slower adsorption at lipid-water
interface. TTL was found to be more active on MGDG than on DGDG using both galactolipid-bile salt mixed
micelles and galactolipid monomolecular films. These later experiments suggest that the second galactose on
galactolipid polar head impairs the enzyme adsorption on its aggregated substrate.

1. Introduction

Glycolipids are present in almost all biological membranes. Among
them, galactolipids are the most abundant membrane lipids in plants,
especially in green tissues where they generally represent about 75% of
total membrane lipids [1]. They are especially abundant in the photo-
synthetic membranes of the thylakoids in the chloroplast. These
membranes contain mainly monogalactosyl diacylglycerols (MGDG)
and digalactosyl diacylglycerols (DGDG) (Fig.1), which represent 50%
and 30% of total lipids, respectively [2]. Plant galactolipids are char-
acterized by long chain fatty acids, typically varying from C16 to C20
with one to three unsaturations [3] and they are particularly rich in

polyunsaturated fatty acids like C16:3 and C18:3 (ALA, α-linolenic
acid) [4]. Although galactolipids are not present at high levels in
normal human diet compared to triglycerides, they may represent the
main source of the essential ALA in the absence of specific supple-
mentation with ALA-rich vegetable oils. Indeed, ALA can represent as
much as 60% w/w of the total fatty acid in galactolipids from plant
leaves, like in spinach [4], which is higher than what is found in flax-
seed oil [5]. The uptake of galactolipid fatty acids is made possible by
the action of galactolipases (1,2-Di-O-acyl-1-O-(β-D-galactosyl)-D-gly-
cerol acylhydrolases; EC 3.1.1.26) that hydrolyze the ester bonds at sn-1
and sn-2 positions of galactolipids. In humans and other mammals, this
function is mainly fulfilled by pancreatic lipase-related protein 2
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(PLRP2) produced by the exocrine pancreas and acting in the GI tract
[6–8].

Galactolipase activity is often displayed by lipases (triacylglycerol
acylhydrolases EC.3.1.1.3) with broad substrate specificity that can
accept various acylglycerols as substrates like phospholipids and ga-
lactolipids. Numerous enzymes with galactolipase activity have been
discovered in the plant kingdom [9–11] and more recently in micro-
algae [12]. Various microbial lipases are also known to degrade ga-
lactolipids. For example, Dawson et al. found that microbial lipases
from rumen were able to decompose grass galactolipids in the sheep GI
tract [13]. Microbial lipases from Rhizopus arrhizus [14], Mucor java-
nicus [15] and Rhizomucor miehei (Lipozyme TM) [16] have been shown
to hydrolyze the ester bond of galactolipids. More recently, synthetic
medium chain MGDG and DGDG were used to characterize the ga-
lactolipase activity of several well-known microbial lipases, such as the
lipases from Thermomyces lanuginosus (TLL), Rhizomucor miehei (RML),
Rhizopus oryzae (ROL), Candida antarctica A (CalA), and the cutinase
from Fusarium solani (FsC) [17]. Using these substrates and natural long
chain galactolipids, a new galactolipase from Fusarium solani was also
identified [18].

In contrast to the large biochemical and structural knowledge on
lipases and phospholipases, galactolipases remain poorly studied and
characterized so far. This is mainly due to the fact that galactolipid
substrates are not commercially available at a large scale and low cost.
Natural galactolipids purified from plant green materials have been
used for the characterization of some galactolipases by thin layer
chromatography analysis of lipolysis products or free fatty acid titration
[4,18] but their limited availability does not allow thorough kinetic
studies. Nevertheless, medium galactolipid substrates have been syn-
thesized to develop continuous and sensitive assays using the pHstat
[19] and the monomolecular film [7,20] techniques.

Here we used these assays to search for a possible activity of
Talaromyces thermophilus lipase (TTL) on galactolipids. This enzyme
was previously purified from a newly isolated Talaromyces thermophilus
fungal strain and was shown to have a high activity towards short,
medium and long chain triacylglycerols [21]. The use of wheat bran as
carbon source for cultivating T. thermophilus was found to be more ef-
fectively than olive oil to induce the production of TTL [21], suggesting
that other types of lipids present in wheat bran, like galactolipids, could
boost the level of TTL expression in this fungus. Since the expression of
microbial lipases is in general induced by the fatty acids released upon
digestion of the lipid used as the carbon source [22], we wondered
whether TTL displays a galactolipase activity, as previously identified

with homologous enzymes of this fungal lipase family [17,18].
The galactolipase activity of TTL was investigated using medium

chain galactolipids presented in the form of mixed micelles with bile
salts (pHstat assay; [19]) and monomolecular films (Barostat assay;
[7]). We also used the characterization of TTL for developing a novel
UV spectrophotometric galactolipase assay in microtiter plates using a
synthetic MGDG substrate containing α-eleostearic acid as chromo-
phore. Various lipase assays have been developed for high throughput
screening using α-eleostearic acid esterified into natural [23,24] and
synthetic triglycerides [25,26] or phospholipids [27] but not galacto-
lipids so far. Using this combination of galactolipase assays, we showed
that TLL is active on both MGDG and DGDG and we compared its ki-
netic properties with those of other galactolipases, the homologous
fungal lipase from Thermomyces lanuginosus (TLL), guinea pig pan-
creatic lipase-related protein 2 (GPLRP2) and cutinase from Fusarium
solani (FsC).

2. Materials and methods

2.1. Enzymes

TTL was produced by a newly isolated thermo-tolerant fungal strain
identified as Talaromyces thermophilus Stolk and purified according to
[21]. Recombinant GPLRP2 was expressed in Aspergillus orizae and
purified according to [28]. Cutinase from Fusarium solani (FsC) was
expressed in E.coli and purified as previously described [29]. Thermo-
myces lanuginosus lipase (TLL; Lipolase™) was purchased from Sigma
(St-Quentin-Fallavier, France). The homogeneity of the various en-
zymes was routinely assessed by performing SDS-PAGE on 12% gels
using Laemmli's procedure [30]. The protein concentration was de-
termined with a good accuracy using the BCA kit (Pierce) and BSA as
standard.

2.2. Potentiometric pHstat assay of galactolipase activity

Dioctanoyl galactolipid substrates, C8-MGDG (3-O-β-D-galactopyr-
anosyl-1,2-di-O-octanoyl-sn-glycerol) and C8-DGDG (3-O-(6-O-α-D-ga-
lactopyranosyl-β-D-galactopyranosyl)-1,2-di-O-octanoyl-sn-glycerol),
were synthesized as previously described [4,19]. The galactolipase ac-
tivity was measured potentiometrically at 37 °C and at a constant pH
value of 8.0 by continuously measuring the release of free fatty acids
from mechanically stirred dispersions of galactolipids, using 0.1 N
NaOH as titrant and a pHstat apparatus (718 STAT Titrino, Metrohm).
To prepare the galactolipid dispersion, 25mg of C8-MGDG or C8-DGDG
were mixed with 5mL of 0.33mM Tris-HCl buffer, containing 0.1M
NaCl and various concentrations of sodium taurodeoxycholate (NaTDC)
and then subjected to ultrasonic treatment for 6–8min in a water bath
(HF-Frequency 35 kHz; SONOREX SUPER compact ultrasonic bath
model RK 31, BANDELIN electronic) [19]. One international galacto-
lipase unit (U) corresponds to the release of 1 μmol of fatty acid re-
leased per minute. The specific activities were expressed in interna-
tional units per milligram of enzyme (U/mg).

2.3. Potentiometric pHstat assay of phospholipase and lipase activities

Phospholipase activities were measured potentiometrically at 37 °C
and pH 8.0 by automatically titrating the free fatty acids released from
purified egg L-α-phosphatidylcholine (Sigma) as substrate, as previously
described [31]. Lipase activities were measured with mechanically
stirred triglyceride emulsions according to [21]. Specific activities were
expressed in international units (U) per milligram of enzyme. One U
corresponds to 1 μmol of fatty acid released per minute.

2.4. Monomolecular film experiments for measuring galactolipase activities

The galactolipase activity was measured using monomolecular films

Fig. 1. Chemical structures of monogalactosyl diacylglycerol (MGDG; 1,2-
diacyl-3-O-β-D-galactosyl-sn-glycerol) and digalactosyl diacylglycerol (DGDG;
1,2-diacyl-3-O-(6-O-α-D-galactosyl-β-D-galactosyl)-sn-glycerol).
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of 1,2-di-O-dodecanoyl-3-O-β-D-galactopyranosyl-sn-glycerol (C12-
MGDG) and 1,2-di-O-dodecanoyl-3-O-(6-O-α-D-galactopyranosyl-β-D-
galactopyranosyl)-sn-glycerol (C12-DGDG) as substrates. C12-MGDG
and C12-DGDG were synthesized as previously reported [7,20]. All
experiments were performed using the KSV 5000 barostat equipment
(KSV, Helsinki, Finland) and a “zero order” Teflon trough [32]. The
reaction compartment had a surface area of 38.5 cm2 and a volume of
43mL. The reservoir (24-cm long×7.5-cm wide) had a surface area of
156.5 cm2 and a volume of 203mL. Lipid monomolecular films were
formed at the air/water interface by spreading the lipid solution
(1mgmL−1 C12-MGDG or C12-DGDG in chloroform). The enzyme
solution was injected into the subphase at a final concentration of
0.02 nM for rGPLRP2, 5 nM for TLL and cutinase and 0.45 nM for TTL.
The aqueous subphase was composed of 10mM Tris-HCl, 100mM NaCl,
21 mM CaCl2, and 1mM EDTA, pH 8.0 and was prepared with double-
distilled water. Residual surface-active impurities were removed by
simultaneous sweeping and suction of the surface before spreading the
lipid solution [32]. The reaction compartment was stirred with a 1-cm
magnetic bar rotating at 250 rpm. The reactions were performed at
25 °C. Surface pressure was measured using a Wilhelmy plate (peri-
meter, 3.94 cm) attached to an electromicro balance. The trough was
equipped with a mobile Teflon barrier to keep the surface pressure
constant during enzymatic hydrolysis of the substrate film and deso-
rption of the soluble lipolysis products (monododecanoyl-galactopyr-
anosyl-glycerol, dodecanoic acid). Enzyme activity was estimated from
the surface of the trough covered by the mobile barrier and the known
molecular area of the substrate molecule. The molecular areas of the
C12-MGDG and C12-DGDG substrates were previously determined by
performing compression isotherms [33]. The galactolipase activity was
expressed in moles of substrate hydrolyzed per surface unit (cm2) per
minute and referred to the overall molarity of the enzyme initially in-
jected into the aqueous subphase (mol·cm−2·min−1·M−1).

2.5. Synthesis of 1,2-Di-O-α-eleostearoyl-3-O-β-D-galactopyranosyl-sn-
glycerol (αE-MGDG)

Dry dichloromethane was prepared by successive washing with
water, drying with calcium chloride, and distillation from calcium hy-
dride. Thin layer chromatography (TLC) was carried out on aluminium
sheets coated with silica gel 60 F254 (Merck). TLC plates were inspected
by UV light (λ=254 nm). Column chromatography was performed on
Silica-gel (Silicycle). 1H and 13C NMR spectra were recorded at 293 K
using Bruker ALS300 or DRX300 spectrometers. High resolution (HR-
ESI-QToF) mass spectra were recorded using a Bruker MicroToF-Q II XL
spectrometer.

3-O-[2,3,4,6-Tetra-O-levulinoyl-β-D-galactopyranosyl]-1,2-O-iso-
propylidene-sn-glycerol (2): 3-O-[2,3,4,6-Tetra-O-acetyl-β-D-galacto-
pyranosyl]-1,2-O-isopropylidene-sn-glycerol (1) (2.60 g, 5.53mmol)
was added to dry methanol (50mL) containing a chip of sodium and the
mixture was stirred for 2 h. Amberlite IR 120 [H+] resin was added to
neutralize the solution and after 2min, the solution was filtrated and
concentrated in vaccuo. The product was coevaporated twice from to-
luene (2×15 mL), dissolved in ethyl acetate (50mL) and levulinic acid
(3.92 g, 33.76mmol), dicyclohexyldicarbodiimide (8.27 g, 40.00mmol)
and a catalytic amount of 4-dimethylaminopyridine (50mg) were suc-
cessively added. The mixture was stirred overnight, and after filtration,
the solid was washed carefully with ethyl acetate. The organic phase
was concentrated to dryness, the crude product was purified by column
chromatography (4:1 ethyl acetate-petroleum ether to pure ethyl
acetate) and the pure product 2 was recovered at 70% yield: 2.70 g, oily
material, Rf 0.30 (5:1 ethyl acetate-petroleum ether); [α]D+ 2.1 (c 1.0,
CHCl3); 1H NMR (CDCl3):δ5.36 (dd, 1H, J3,4 3.4, J4,5 0.8 Hz, H-4), 5.17
(dd, 1H, J1,2 7.9, J2,3 10.4 Hz, H-2), 5.01 (dd, 1H, H-3), 4.57 (d, 1H, H-
1), 4.26 (dddd, 1H, H-2gly), 4.20 (dd, 1H, J5,6a 6.7, J6a,6b 11.2 Hz, H-6a),
4.10 (dd, 1H, J5,6b 6.4 Hz, H-6b), 4.04 (dd, 1H, J1agly,2gly 6.4, J1agly,1bgly
6.4 Hz, H-1agly), 3.92–3.86 (m, 2H, H-5, H-3agly), 3.83 (dd, 1H,

J1bgly,2gly 6.2 Hz, H-1bgly), 3.62 (dd, 1H, J2gly,3bgly 6.2, J3agly,3bgly
10.5 Hz, H-3bgly), 2.80–2.40 (m, 16H, 4COCH2CH2COCH3), 2.19, 2.18,
2.17, 2.16 (4 s, 12H, 4CH3CO), 1.41, 1.34 (2 s, 6H, (CH3)2C); 13CNMR
(CDCl3): δ206.52, 206.43, 206.16, 206.04 (4CH3CO),172.15, 171.90,
171.85, 171.41 (4OCOCH2), 109.26 (C(CH3)2), 101.23 (C-1), 74.25 (C-
2gly), 70.81, 70.73 (C-3, C-5), 69.38 (C-3gly), 68.85 (C-2), 67.24 (C-4),
66.36 (C-1gly), 61.38 (C-6), 37.84, 37.77, 37.76, 37.67 (CH2COCH3),
29.76, 29.67 (CH3COCH2), 27.79 (OCOCH2), 26.67, 25.20 ((CH3)2C).

HRMS calculated for C32H46NaO16 [M+Na]+ 709.2678; found
709.2651.

3-O-[2,3,4,6-Tetra-O-levulinoyl-β-D-galactopyranosyl]-sn-glycerol
(3): a solution of compound 2 (2.60 g, 1.46mmol) in 70% aqueous
acetic acid (20mL) was stirred for 5 h at 60 °C. After concentration, the
residue was coevaporated from toluene (3×20mL). The crude product
was purified by column chromatography (9:1 CHCl3-EtOH). Pure pro-
duct 3 was obtained in 90% yield: 2.20 g, oily material, Rf 0.46 (9:1
CHCl3-EtOH); [α]D-0.5 (c2.0, CHCl3); 1H NMR (CDCl3):δ5.31 (bd, 1H,
J3,4 3.4, J4,5 0.2 Hz, H-4), 5.12 (dd, 1H, J1,2 7.8 Hz, J2,3 10.5 Hz, H-2),
5.00 (dd, 1H, H-3), 4.49 (d, 1H, H-1), 4.16 (dd, 1H, J5,6a 7.1, J6a,6b 11.3,
H-6a), 4.06 (dd, 1H, J5,6b 6.1 Hz, H-6b), 3.89 (bd, 1H, H-5), 3.88–3.55
(m, 5H, H-1agly, H-1bgly, H-2gly, H-3agly, H-3bgly), 3.17–3.10 (m, 2H,
2OH), 2.85–2.35 (m, 16H, 4COCH2CH2COCH3), 2.19, 2.18, 2.17, 2.16
(4 s, 12H, 4CH3CO); 13C NMR (CDCl3): δ 207.76, 206.89, 206.69,
206.22 (CH3CO levulinoyl), 172.28, 171.99, 171.81, 171.75 (OCOCH2

levulinoyl), 101.57 (C-1), 72.03 (C-3gly), 70.89 (C-5), 70.66 (C-3),
70.48, 69.02 (C-2, C-2gly), 67.35 (C-4), 63.35 (C-1gly), 61.61 (C-6),
37.87, 37.87, 37.80, 37.69 (CH3COCH2), 29.87, 29.85, 29.81, 29.72
(CH3CO), 27.82, 27.80 (OCOCH2).

HRMS calculated for C29H42NaO16 [M+Na]+ 669.2365; found
669.2344.

1,2-Di-O-α-eleostearoyl-3-O-[2,3,4,6-tetra-O-levulinoyl-β-D-ga-
lactopyranosyl]-sn-glycerol (5): α-Eleostearic acid 4 (2.42 g,
8.42mmol), dicyclohexyldicarbodiimide (3.58 g, 17.40mmol) and a
catalytic amount of 4-dimethylaminopyridine (50mg) were succes-
sively added under argon to a solution of product 3 (1.875 g,
2.90mmol) in dichloromethane (40mL). The mixture was stirred
overnight, and methanol (0.50 mL) was added. After 2 h, the solid was
removed by filtration and washed with dichloromethane. The combined
organic phases were concentrated to dryness and the crude product was
purified by column chromatography (1:1 to 4:1 ethyl acetate-petroleum
ether). A second column chromatography (9:1 CH2Cl2-EtOH) was ne-
cessary to give the pure product 5, recovered in 73% yield: 2.47 g, oily
material, Rf 0.20–0.25 (1:1 ethyl acetate-petroleum ether), 0.70 (9:1
CH2Cl2-EtOH); [α]D+ 3.7 (c 1.0, CHCl3); 1H NMR (CDCl3):δ 6.42–6.33
(m, 2H, 2H-11eleo), 6.20–6.13 (m, 2H, 2H-12eleo), 6.13–6.06 (m, 2H,
2H-13eleo), 6.02–5.95 (m, 2H, 2H-10eleo), 5.75–5.65 (m, 2H, 2H-14eleo),
5.43–5.34 (m, 1H, H-9eleo), 5.37 (bd, 1H, J3,4 3.4, J4,5 0.7 Hz, H-4), 5.20
(dddd, 1H, J1agly,2gly 3.0, J1bgly,2gly 6.2, J2gly,3agly 4.9, J2gly,3bgly 5.9 Hz,
H-2gly), 5.16 (dd, 1H, J1,2 7.9 Hz, J2,3 10.5 Hz, H-2), 5.02 (dd, 1H, H-3),
4.49 (d, 1H, H-1), 4.41 (dd, 1H, J1agly,1bgly 12.0 Hz, H-1agly), 4.20 (dd,
1H, J5,6a 6.6, J6a,6b 11.1, H-6a), 4.14 (dd, 1H, H-1bgly), 4.10 (dd, 1H,
J5,6b 6.6 Hz, H-6b), 3.95 (dd, 1H, J3agly,3bgly 10.9 Hz, H-3agly), 3.89
(bdd, 1H, H-5), 3.69 (dd, 1H, H-3bgly), 2.85–2.45 (m, 16H, 8CH2 le-
vulinoyl), 2.35–2.26 (m, 4H, 2COCH2 eleo), 2.19, 2.18, 2.17, 2.16 (4s,
12H, 4CH3CO levulinoyl), 2.14–2.07 (m, 4H, 4H, 2CH2CH=),
1.65–1.55 (m, 4H, 2COCH2CH2 eleo), 1.40–1.25 (m, 24H, 12CH2 alkyl
chains), 0.91 (t, 9H, J 6.5 Hz, 2CH3CH2); 13C NMR (CDCl3): δ 206.58,
206.49, 206.25, 206.09 (CH3CO levulinoyl), 173.36, 172.88 (COCH2

eleo), 172.26, 171.94, 171.94, 171.47 (OCOCH2 levulinoyl), 135.27 (C-
14eleo), 132.94 (C-12eleo), 131.84 (C-9eleo), 130.63 (C-13eleo), 128.82
(C-10eleo), 126.01 (C-11eleo), 101.54 (C-1), 70.89 (C-5), 70.76 (C-3),
69.76 (C-2gly), 68.78 (C-2), 67.75 (C-3gly), 67.24 (C-4), 62.39 (C-1gly),
61.41 (C-6), 37.93, 37.87, 37.87, 37.76 (CH3COCH2), 34.27, 34.13
(COCH2 eleo), 32.57 (C-15 eleo), 31.53 (C-16 eleo), 29.82 (CH3CO),
29.73, 29.25, 29.18, 29.14, 29.11 (C-4, C-5, C-6, C-7), 27.88, 27.86
(OCOCH2 lev, C-8), 24.93 (C-3 eleo), 22.30 (C-17 eleo), 14.03 (C-18
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eleo).
HRMS calculated for C65H98NaO10 [M+Na]+ 1189.6645; found

1189.6661.
1,2-Di-O-α-eleostearoyl-3-O-β-D-galactopyranosyl-sn-glycerol (6): a

solution of hydrazine hydrate (1.00 mL, 20.60mmol) in 3:2 pyridine-
acetic acid (20mL) was added drop wise to a solution of galactolipid 5
(1.167 g, 1.00mmol) in pyridine. The mixture was stirred for 15min,
and poured in chloroform (150mL). The organic phase was washed
with water (75mL) and with saturated NaHCO3 solution (2×50mL).
The aqueous phases were extracted with chloroform (6× 40mL) and
the combined organic phases were dried (Na2SO4) and concentrated.
Pure product 6 was recovered in 60% yield after purification by column
chromatography (10:1 ethyl acetate-methanol): 0.465 g, oily material,
Rf 0.70 (10:1 ethyl acetate-methanol), 0.70 (9:1 CH2Cl2-EtOH);
[α]D+ 3.8 (c 1.0, 4:1 CHCl3-MeOH); 1H NMR (CDCl3): δ 6.33–6.25 (m,
2H, 2H-11eleo), 6.12–6.05 (m, 2H, 2H-12eleo), 6.04–5.97 (m, 2H, 2H-
13eleo), 5.93–5.86 (m, 2H, 2H-10eleo), 5.66–5.57 (m, 2H, 2H-14eleo),
5.34–5.26 (m, 2H, 2H-9eleo), 5.19 (dddd, 1H, J1agly,2gly 3.2, J1bgly,2gly
6.5, J2gly,3agly 5.4, J2gly,3bgly 4.1Hz, H-2gly), 4.28 (dd, 1 H, J1agly,1bgly
12.1 Hz, H-1agly), 4.14 (d, 1H, J1,2 7.1 Hz, H-1), 4.14 (dd, 1H, H-1bgly),
3.95 (dd, 1H, J3agly,3bgly 10.9 Hz, H-3agly), 3.81(bd, 1H, J3,4 3.4, J4,5
0.7 Hz, H-4), 3.76 (dd, J5,6a 6.2, J6a,6b 11.9, H-6a), 3.67 (dd, 1H, J5,6b
5.2 Hz, H-6b), 3.63 (dd, 1H, H-3bgly), 3.47 (dd, 1H, J2,3 9.6 Hz, H-2),
3.44–3.40 (m, 2H, H-3, H-5), 2.26–2.20 (m, 4H, 2COCH2), 2.11–1.95
(m, 8H, 4CH2CH]), 1.57–1.47 (m, 4H, 2COCH2CH2 eleo), 1.32–1.17
(m, 24H, 12CH2 alkyl chains), 0.81 (t, 6H, J 6.5 Hz, 2CH3CH2); 13C
NMR (CDCl3): δ 173.98, 173.68 (COCH2 eleo), 135.18 (C-14eleo),
132.85 (C-12eleo), 131.68 (C-9eleo), 130.53 (C-13eleo), 128.72 (C-10eleo),
125.88 (C-11eleo), 103.98 (C-1), 74.93 (C-3), 73.32 (C-5), 71.15 (C-2),
70.31 (C-2gly), 68.73 (C-4), 67.83 (C-3gly), 62.78 (C-1gly), 61.42 (C-6),
34.19, 34.05 (COCH2 eleo), 32.44 (C-15 eleo), 31.41 (C-16 eleo), 29.60,
29.12, 29.05, 29.01(C-4eleo, C-5eleo, C-6eleo, C-7eleo), 27.74 (C-8eleo),
24.79 (C-3 eleo), 22.17 (C-17eleo), 13.81 (C-18eleo).

HRMS calculated for C45H75O10 [M+H]+ 775.5353; found
775.5327.

2.6. Spectrophotometric assay of galactolipase activities using 1,2-Di-O-α-
eleostearoyl-3-O-β-D-galactopyranosyl-sn-glycerol in microtiter plates

Microtiter plates were coated with the UV-absorbing galactolipid
substrate using an αE-MGDG solution (0.5 mgmL−1) prepared in
ethanol and containing 0.01% BHT as an antioxidant. The wells of UV-
transparent microtiter plates (Corning, Inc., Corning, NY, catalog No.
3635) were filled with the substrate solution (100 μL/well) and left to
stand under a fume hood until the solvent had completely evaporated
(for around two hours). The wells containing the coated galactolipids
were washed three times with 0.2 mL of the assay buffer (10mM Tris-
HCl buffer, pH 8.0, containing 150mM NaCl, 6 mM CaCl 2, 1 mM EDTA,
and 3mgmL−1 β-cyclodextrin (β-CD)) and left to equilibrate at 37 °C
for at least 5 min with 200 μl of the assay buffer. The β-CD was used in
the reaction buffer in order to solubilize the long-chain of fatty acids
released upon substrate hydrolysis. Assays were performed by adding
the lipase solutions (2–10 μL) into the wells, and the optical density
(OD) at 272 nm was recorded continuously at regular time intervals of
30 s for 15min using a Powerwave ™ 200 microtiter plate-scanning
spectrophotometer (Bio-Tek Instruments Winooski, VT) running using
the KC4 software. OD measurements included pathlength correction
and OD values are given for an optical pathlength of 1 cm. The steady-
state rate of OD increase (Rss) as well as the lag time (τ) required to
reach the steady state were calculated by fitting the OD variation with
time to the following equation adapted from Verger et al. [34]:

− = × +
− −τ eOD (t) OD (0) R t ·R ( )τ

272 272 ss ss
t/ 1

where OD272(t) and OD272(0) are the optical densities recorded at
272 nm at reaction time t (min) and zero (enzyme injection), respec-
tively, Rss is the steady-state reaction rate (ΔOD min−1), and τ is the lag

time (minutes). The specific activity of galactolipases was estimated
from the steady-state reaction rate using an apparent molar extinction
of 5320M−1 cm−1 for α-eleostearic acid [27] and was expressed as
μmoles of fatty acid released per minute per mg of enzyme, under the
assay conditions.

2.7. Molecular modelling of Talaromyces thermophilus lipase

A 3D model of TTL was built based on its sequence homology with
TLL (88% sequence identity), and a known 3D structure of TLL with the
lid in the open conformation (PBD code 1GT6 [35]) using the Swiss
model server [36]. A dipolar vector for the constructed model of TTL
and the structure of TLL was calculated using partial Gasteiger charges
obtained with the Chimera program [37].

2.8. Dynamic light scattering measurements

Dynamic light scattering (DLS) experiments on C8-MGDG and C8-
DGDG dispersions in 0.33mM Tris buffer, pH 8, 100mM NaCl and
5mM CaCl2 were carried out using a Zetasizer Nano S (Malvern
Instruments) at 37 °C. Each measurement with mixtures of galactolipids
and bile salts was performed in triplicate and consisted in 10–15 runs of
10 s at a scattering angle of 173°. The determination of the hydro-
dynamic diameter (DH) was based on the Einstein-Strokes relation to
obtain the intensity averaged size distribution. A viscosity of 0.6684 cP
and a refractive index of 1.332 (at 37 °C) were used for the dispersion
medium, while a value of 1.49 was used as an approximation of the
refractive index for micelles [38]. Changes in the viscosity and in the
refractive index induced by the temperature were taken into account by
the software. Collected data were analyzed by applying a customized
method using 70 classes with a size-range analysis of 0.6 to 10,000 nm.

3. Results and discussion

3.1. Galactolipase activity of TTL on C8-MGDG and C8-DGDG micelles

The galactolipase activity of TTL was first tested using synthetic
medium chain (C8) MGDG and DGDG mixed with bile salts (NaTDC) at
molar ratios of 1.33 and 0.25, respectively, to form mixed micelles. This
presentation of substrate to the enzyme was previously reported to be
the most effective for various mammalian and microbial galactolipases
[4,17,19]. These micelles were not characterized, however, and dy-
namic light scattering was used here to estimate their average particle
size and distribution at 37 °C and pH 8. The hydrodynamic diameters
(DH, z-average) of C8-MGDG (10mM)-NaTDC (13mM) and C8-DGDG
(10mM)-NaTDC (2.5mM) micelles were found to be 9.4 ± 0.3 and
24.5 ± 0.2 nm, respectively, with polydispersity index (PdI) of 0.303
and 0.178. These values were in the same range as those measured with
mixed micelles of phospholipids and bile salts at similar concentrations
[39,40].

The optimum activity of TTL was found to occur at pH 8 on both C8-
MGDG and C8-DGDG (Fig. 2). TTL specific activity on C8-MGDG was
found to be 40,500 ± 125 U/mg, compared to 4658 ± 146 U/mg for
Fusarium solani lipase [18], 5420 ± 85 U/mg for GPLRP2,
984 ± 62 U/mg for FsC and 450 ± 41U/mg for TLL [17]. Thus, to
our knowledge, TTL activity on C8-MGDG is the highest galactolipase
activity measured. This activity is 7-fold higher than that of GPLRP2,
the most active mammalian galactolipase characterized so far. The
maximum specific activity of TTL on C8-DGDG was also found to be the
highest galactolipase activity measured with DGDG (9800 ± 125 U/
mg; Fig. 2).

3.2. Galactolipase activity of TTL on C12-MGDG and C12-DGDG
monomolecular films

The galactolipase activity of TTL was then tested on medium chain
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synthetic galactolipids (C12-MGDG and C12-DGDG) that form stable
monomolecular films at the air-water interface, while their lipolysis
products are soluble in water [7,17,33,41]. This allows measuring ga-
lactolipase activities at various surface pressures using the barostat
technique [32,34].

TTL activity on C12-MGDG showed a bell-shaped activity profile as
a function of surface pressure, with a maximum activity of
161.7 ± 7.3mmol cm−2 min−1 M−1 at 25mN/m (Fig. 3A). TTL was
found to be 10 to 14-fold more active than the homologous fungal li-
pase TLL, that showed its maximum activity
(14.2 mmol cm−2 min−1 M−1) at a lower surface pressure of
12mNm−1 (Fig. 3A). TTL was less active than rGPLRP2 but the op-
timum activity of the latter (2047 ± 237mmol cm−2 min−1 M−1;
Table 1) was found at a much lower surface pressure of 10mNm−1

(Table 1). Remarkably, TTL was found to be able to hydrolyze C12-
MGDG monomolecular films at surface pressures up to 30mNm−1.
Most galactolipases characterized so far are not active at such high
surface pressures, except recombinant human PLRP2 (Table 1; [33]). It
confirms that lipases possessing a lid domain, like TTL, TLL and
rHPLRP2, are able to hydrolyze galactolipids at higher surface pressures
than those without a lid, like GPLRP2 and FsC [17].

Similar features were observed with C12-DGDG but with optimum
activities at lower surface pressures (Fig. 3A and Table 1). Remarkably,
TLL only showed a very weak activity of
0.8 ± 0.03mmol cm−2 min−1 M−1 on C12-DGDG at 10 mN m−1

(Fig. 3A). The presence of a second galactose unit on the polar head of
galactolipids has therefore a significant effect on the penetration and
activity of galactolipases as a function of surface pressure, and this ef-
fect is particularly marked with TLL. This is also shown by the lag times
for measuring steady state kinetics of galactolipid hydrolysis using the
barostat technique. With C12-MGDG, the lag time values were low
(1–2min) below 15mNm−1 and only increased above and till
25 mNm−1 for TTL (Fig. 3B). Lag times for both enzymes were much
higher (10–20min) with C12-DGDG and this feature was already ob-
served at low surface pressure (Fig. 3B).

The surface pressure and the size/steric hindrance of the hydro-
philic polar head of galactolipids are therefore two important para-
meters controlling the activity of galactolipases, and this activity is
favoured at higher surface pressure by the presence of a lid domain.

Enzymes without a lid, like GPLRP2 and cutinase show optimum ac-
tivity at low surface pressures and very long lag times (40–70min) to
reach steady state kinetics above 10 mN m−1 [17]. The presence of an
amphiphilic lid probably favours the interaction of the lipase with the

Fig. 2. pH-dependent galactolipase activity of TTL on synthetic medium chain
MGDG and DGDG as substrates. Activities were measured using the pHstat
technique and substrate micelles with a bile salt (NaTDC) to galactolipid molar
ratio of 1.33. Values (U/mg) are means ± SD (n=3). 1 U=1 μmole of free
fatty acid released per min.

Fig. 3. Variations with surface pressure in the activity of TTL and TLL on
monomolecular films of galactolipids. (A) Steady-state activities on C12-MGDG
and C12-DGDG monomolecular films; (B) Lag times observed in the course of
C12-MGDG and C12-DGDG monomolecular film hydrolysis by TTL and TLL.
Global enzyme concentration was 0, 45 nM for TTL and 5 nM for TLL. Values
are means ± SD (n= 3).

Table 1
Maximum rates of hydrolysis (mmol cm−2 min−1 M−1) of C12-MGDG and C12-
DGDG monomolecular films by TTL and other galactolipases. Values are
means ± SD (n=3). The surface pressures (π, mNm−1) at which these ac-
tivities were recorded are indicated in parenthesis.

Substrate

C12-MGDG C12-DGDG

TTL 161.7 ± 7.3 (π=25) 58.8 ± 3.4 (π=15)
TLL 14.2 ± 0.5 (π=15)a 0.8 ± 0.03 (π=10)
rGPLRP2 2047 ± 237 (π=10)a 2126 ± 192 (π=7)a

rHPLRP2 1400 ± 500 (π=15–25)b 3200 ± 800 (π=12)b

Cutinase 7.2 ± 0.1 (π=12)a < 10−3

a Data from [17].
b Data from [33].
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galactolipid monolayer spread at the air-water interface. These results
further underline the crucial role of the lid in the interaction with the
lipid substrate and the control of enzyme activity [42,43].

3.3. Galactolipase activity of TTL on a surface-coated MGDG substrate
containing α-eleostearic acid

The conjugated triene present in α-eleostearic acid confers strong
UV absorption properties on both pure fatty acid and TAGs containing
this fatty acid, as in tung oil in which it represents around 70% of total
fatty acids [23]. These UV absorption properties have been used for
developing lipase and phospholipase spectrophotometric assays in mi-
crotiter plates using tung oil [24], synthetic TAG [25,26] and

phospholipid [27] containing α-eleostearic acid as chromophore. Fol-
lowing a similar approach, we synthesized a monogalactosyldiglyceride
containing α-eleostearic acid (αE-MGDG) to establish a new UV spec-
trophotometric assay of galactolipases in microtiter plates, in which the
substrate is coated on the well surface.

For the synthesis of αE-MGDG (compound 6 in Fig. 4), we used 3-O-
[2,3,4,6-Tetra-O-acetyl-β-D-galactopyranosyl]-1,2-O-isopropylidene-sn-
glycerol (compound 1) that was obtained in a previous study [7] and α-
eleostearic acid (compound 4) prepared according to Mendoza et al.
[25] or O'Connor et al. [44]. Compound 1 was O-deacetylated under
Zemplén conditions (catalytic sodium methylate in methanol), the tet-
raol was esterified by treatment with levulinic acid in ethyl acetate in
the presence of dicyclohexylcabodimimide (DCC) and 4-dimethylami-
nopyridine (DMAP), affording compound 2 in 70% yield. After cleavage
of the isopropylidene group under acidic medium (70% acetic acid,
60 °C), the diol 3 was reacted with α-eleostearic acid 4 (DCC, DMAP,
CH2Cl2) affording the product 5 in 73% yield. Finally, the levulinoyl
protecting groups were cleaved by hydrazine hydrate in a 3:2 pyridine-
acetic anhydride mixture yielding product 6 in 60% yields (Fig. 4).

The UV absorption spectrum (230–300 nm) of an ethanolic solution
of αE-MGDG displayed three major peaks located at 260, 270 and
282 nm (Fig. 5). This profile spectrum is similar to that of pure α-
eleostearic acid [24], pure tung oil triglycerides [23], synthetic α-
eleostearic acid-containing triglycerides [25] and phosphatidylcholine
[27]. In aqueous buffer, the major absorption peak was shifted from
270 nm to 272 nm, as described earlier [45].

Assays of galactolipase activities were performed after coating UV-
transparent microtiter plates with αE-MGDG that was first added as a
solution in ethanol before the alcohol was evaporated. After coating the
wells of microtiter plates, the absorbance at 272 nm was recorded for
20min in the presence of buffer without enzyme to determine back-
ground absorbance. A constant baseline with optical density (OD) not
exceeding 0.3 was recorded, indicating that the substrate coating was
not altered by the addition of buffer. TTL and other galactolipases were

Fig. 4. Synthesis scheme of 1,2-Di-O-α-eleostearoyl-3-O-β-D-galactopyranosyl-sn-glycerol (αE-MGDG).

Fig. 5. UV absorption spectra of α-eleostearic acid (60 μg/mL) and αE-MGDG
(60 μg/mL) dissolved in ethanol containing BHT 0.001%.
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then tested, assuming that these enzymes will bind to the surface-
coated αE-MGDG substrate, will hydrolyze it and release α-eleostearic
acid (Fig. 6A). This long chain fatty acid can be further solubilized by
complex formation with β-CD present in the buffer and its concentra-
tion can be measured continuously by monitoring UV absorbance at
272 nm (Fig. 6A).

To validate the method, various amounts of substrate coated onto
the plates (5, 10, 20 or 50 μg per well) and enzymes (20, 40 and 80 ng
of TTL, TLL, GPLRP2 or FsC) were tested. The highest amount of sub-
strate tested (50 μg αE-MGDG per well) was retained because it formed
a stable coating and allowed measuring steady-state enzyme kinetics for
longer period of time. Typical kinetics showing the increase in OD
(ΔOD=assay OD - initial OD) at 272 nm during αE-MGDG hydrolysis
by various amounts of TTL are shown in Fig. 5B. Lag times of around 6
to 8min were observed before recording linear OD variations with time,
but these variations were then proportional to TTL amounts in the 20 to
80 ng range (Fig. 6B). TTL was the most active enzyme according to
ΔOD at 272 nm and compared to TLL, GPLRP2 and FsC (Fig. 6C). In all
cases, steady state kinetics could be obtained after various lag times
(Table 2), with a good linearity of OD variations at 272 nm as a function
of enzyme amounts (20 to 80 ng; Fig. 5D).

Based on a calibration with α-eleostearic acid, variations in OD at
272 nm could be correlated with α-eleostearic acid concentration and
further used for the estimation of enzyme specific activities. The

apparent molar extinction coefficient (εapp) of α-eleostearic acid has
been previously determined in microtiter plates by recording the ab-
sorbance at 272 nm of various amounts of α-eleostearic acid dispersed
in the buffer with β-CD at 37 °C and it was found to be 5320M−1 cm−1

[27]. Under these conditions, the increase with time of OD at 272 nm
was converted into μmoles of α-eleostearic acid released per min and
per mg of enzyme (Table 2). TTL was found to be the most active ga-
lactolipase on αE-MGDG under these conditions with a specific activity
of 50.3 ± 8.9 μmoles min−1 mg−1. TLL was 10-fold less active while
GPLRP2 and FsC were 3-fold less active. These enzymes also showed
distinct lag times with TLL reaching the most rapidly steady state ki-
netics although it was the enzyme with the lowest specific activity
(Table 2). These findings that differentiate TTL and TLL are similar to

Fig. 6. UV-spectrophotometric assays of galactolipase activities using 1,2-Di-O-α-eleostearoyl-3-O-β-D-galactopyranosyl-sn-glycerol (αE-MGDG). (A) Schematic re-
presentation of the assay showing the enzymatic hydrolysis of the αE-MGDG film coated onto the wells of a microtiter plate, followed by the solubilization of free α-
eleostearic acid (FFA) in the bulk phase by formation of a complex with β-cyclodextrin (β-CD); E, lipase in solution; E*, activated lipase at the interface; S, substrate.
(B) Variations with time of optical density at 272 nm (versus OD272 at time zero) using various amounts of TTL. (C) Variations with time of optical density at 272 nm
(versus OD272 at time zero) of various enzymes (40 ng each). (D) Variations of optical density at 272 nm per min at steady state as a function of enzyme amounts.
Substrate coated onto the microtiter (50 μg/well) was incubated with 20,40 and 80 ng of GPLRP2, TLL, cutinase or TTL, respectively. Enzymes were injected into the
well containing 200 μl of buffer. The increase in OD at 272 nm was recorded for 15min.

Table 2
Specific activities at steady state (μmolemin−1 mg−1) on αE-MGDG and lag
times of TTL and other galactolipases. Values are means ± SD (n= 3).

Enzyme Specific activity
(μmoles min−1 mg−1)

Lag time (min)

TTL 50.3 ± 8.9 6.9 ± 0.9
TLL 5.0 ± 1.7 0.9 ± 1.5
GPLRP2 15.0 ± 4.0 5.1 ± 1.4
Cutinase 14.3 ± 1.1 10.9 ± 0.5
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those observed with MGDG monomolecular films at high surface pres-
sures around 20mNm−1 with similar ratio of enzyme activity (10 to
12) and lag times (5 to 8) between TTL and TLL (Fig. 3B). The pre-
sentation of the galactolipid substrate coated onto the microtiter plate
surface to the enzyme might therefore be similar to a substrate mono-
layer spread at the air-water interface at 20mNm−1.

3.4. TTL substrate specificity and structure-function relationships

TTL possesses broad substrate specificity and was found to be active
on triglycerides with various acyl chain lengths, phospholipids and
galactolipids (Table 3). It was however more active on galactolipids
than on triglycerides and phospholipids, with a galactolipase activity on
C8-MGDG micelles that is 1.68-fold, 2.4-fold and 9.5-fold higher than
TTL activities on trioctanoin, olive oil, and egg phosphatidylcholine,
respectively. TTL substrate preference was closer to that of GPLRP2
than to the closely related TLL (Table 3). Indeed, TLL was 6 to 20-fold
more active on triglycerides than on C8-MGDG, while its activity on
phospholipids was in the same order of magnitude as its activity on
galactolipids (Table 3). TTL was also found to be 4-fold more active on
C8-MGDG than on C8-DGDG, while TLL is slightly more active on C8-
DGDG. TTL and TLL therefore display distinct substrate preference
while they share 89% amino acid identities [46]. Although TTL was
globally more active on C8-MGDG than TLL at steady state, it showed
longer lag times to reach the steady state, particularly at high surface
pressures, which suggests a slower adsorption/penetration of TTL at the
lipid-water interface compared to TLL. The presence of an additional
galactose on the galactolipid polar head led to a lower activity of TTL,
but it is unclear whether this results from a steric hindrance during the
interfacial adsorption step or within the active site.

To gain more information on the structure-function relationships of
TTL, we built a 3D model based on the known crystal structure of the
homologous TLL with the lid in the open conformation. The most re-
markable difference between the two models was located in the solvent
exposed part of the hydrophobic substrate binding pocket hosting the
acyl chains which encompasses four amino acid substitutions in TTL vs.
TLL (namely: Leu86Ile, Leu93Ile, Phe95Leu, Phe211Leu) (Fig. 7A–B).
This region is also involved in the interfacial recognition site (IRS) of
the enzyme when the lid is in its open conformation [43], as well as in
the stabilization of the lid in its closed form. The replacement of two
Phe by Leu residues in TTL might explain the slower adsorption/pe-
netration of TTL since aromatic residues like Phe have strong con-
tributions to protein transfer from water to water-lipid interfaces [47].
The role of these residues in TTL will be investigated by site-directed
mutagenesis in future studies.

Since electrostatic interactions also play an important role in the
interaction of lipolytic enzymes with polar lipids, we calculated dipolar
vectors for the TTL model and TLL 3D structure. Surprisingly the po-
sitive end of TTL dipolar vector was found to be oriented from the

bottom of the active site vertically to the surface (Fig. 7C), while in TLL
it was oriented more horizontally along the active site (Fig. 7D). This
might favour a better orientation of TTL towards polar or negatively
charged lipid surfaces, and might explain the 5.5-fold higher activity of
TTL on phospholipids compared to TLL (Table 3).

The comparison of TTL model with the crystal structure of TLL does
not reveal specific features that can explain the higher activity of TTL
on galactolipids, nor the preference for MGDG versus DGDG. The pre-
sence of a second galactose unit on DGDG polar head may lead to steric
hindrance within the enzyme active site, but monomolecular film ex-
periments rather suggest that the additional galactose unit impairs the
enzyme adsorption on its aggregated substrate (Fig. 3).

4. Conclusions

Besides its activity on triglycerides [21] and phospholipids (this
work), the TTL lipase purified from the fungus Talaromyces thermophilus
was found to hydrolyze a large variety of synthetic galactolipid sub-
strates presented in various forms to the enzyme (micelles, monolayers,
coating on solid surface). In all cases, it displays some of the highest
lipolytic activities recorded so far whatever the substrate. It appears to
be more active on galactolipid mixed micelles than on monomolecular
films or surface-coated MGDG. Nevertheless, the presence of a lid in
TTL favours the hydrolysis of monomolecular films of galactolipids at
high surface pressure as observed with the homologous fungal lipase
from Thermomyces lanuginosus (TLL) belonging to the same gene family
[46]. Differences in lag times for reaching steady state kinetics of hy-
drolysis of galactolipid monomolecular films or surface-coated MGDG,
and 3D modelling based on the known 3D structure of TLL, pointed out
to amino acid substitutions within the IRS of TTL that could be re-
sponsible for a slower adsorption/penetration at lipid-water interface
compared to TLL.

Finally, we have developed a fast, sensitive and continuous assay of
galactolipases in microtiter plates using a novel synthetic galactolipid
substrate containing α-eleostearic acid that allows a direct detection by
UV absorption, of the fatty acids released upon lipolysis of MGDG.
Although the specific activities (U/mg) deduced from this assay
(Table 2) are 2 to 3 order of magnitude lower than those estimated by
the pHstat technique from C8-MGDG micelle hydrolysis (Table 3), the
UV detection of free fatty acids released from coated MGDG is highly
sensitive and allows measuring significant activities with about 10 ng of
enzymes, against 100 ng to 10 μg with the pHstat. The lower galacto-
lipase activities measured with the UV-spectrophotometric assay and
substrate coated on microtiter plates are therefore not an obstacle to the
applicability of this novel assay. These lower activities are probably
linked to the mode of action of lipolytic enzymes that depends on the
accessible surface available for enzyme adsorption at the lipid-water
interface, the first step in the overall process of interfacial catalysis.
With the pHstat method and the use of mixed micelles or fine

Table 3
Maximum specific activities (U/mg) of TTL and other lipases on various lipid substrates. TC4, tributyrin; TC8, trioctanoin; Egg PC, egg phosphatidylcholine; C8-
MGDG, monogalactosyldiacylglycerol; C8-DGDG, digalactosyldiacylglycerol.Values are means ± SD (n=3).

Enzymes Substrates

TC4 TC8 Olive oil Egg PC C8-MGDG C8-DGDG

TTL 7300 ± 122a 24,110 ± 390a 9808 ± 139a 4250 ± 250 40,500 ± 125 9800 ± 125
TLL 7834 ± 850b 9250 ± 101 2900 ± 91 767 ± 188b 450 ± 41b 672 ± 61b

rGPLRP2 2700 ± 300b 675 ± 43c 754 ± 151c 500 5420 ± 85b 4375 ± 125b

Fusarium solani cutinase 2596 ± 96b 2965 ± 50d 688 ± 10e 0 984 ± 62b 300 ± 29b

a Data from [21].
b Data from [17].
c Data from [48].
d Data from [49].
e Data from [50].
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triglyceride emulsions as substrate, a very large accessible surface is
created which ensures maximum enzyme adsorption and thus max-
imum enzyme activity. With substrate coated onto the wells of micro-
titer plates, as well as with monomolecular films, the accessible surface
available for enzyme adsorption is much reduced and one can expect a
lower enzyme turnover.

The novel UV-spectrophotometric assay using surface-coated MGDG
with UV-absorbing α-eleostearic acid allows the estimation of enzyme
specific activities from steady state kinetics. Moreover, the lag times for
reaching these conditions give some idea about the enzyme affinity for
the lipid-water interface. Indeed, the differences observed between TTL
and TLL are in good agreement with independent experiments per-
formed with galactolipid monomolecular films. In addition to TTL
characterization showing its potent galactolipase activity, this novel
assay will be an interesting tool for screening enzymes and mutant
thereof for their galactolipase activities.
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