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Abstract

Talaromyces thermophilus lipase (TTL) was found to hydrolyze monogalactosyl
diacylglycerol (MGDG) and digalactosyl diacylglyoér(DGDG) substrates presented in
various forms to the enzyme. Different assay teqms were used for each substrate: pHstat
with dioctanoyl galactolipid-bile salt mixed mioed, barostat with dilauroyl galactolipid
monomolecular films spread at the air-water inm¥faand UV absorption using a novel
MGDG substrate containing-eleostearic acid as chromophore and coated onotiér
plates. The kinetic properties of TTL were compaxethose of the homologous lipase from
Thermomyces lanuginosus (TLL), guinea pig pancreatic lipase-related prot2iandFusarium
solani cutinase. TTL was found to be the most active @algase, with a higher activity on
micelles than on monomolecular films or surfacetedaMGDG. Nevertheless, the UV
absorption assay with coated MGDG was highly semesdnd allowed measuring significant
activities with about ten ng of enzymes, againstdned ng to ten pg with the pHstat. TTL
showed longer lag times than TLL for reaching syeathte kinetics of hydrolysis with
monomolecular films or surface-coated MGDG. Thasdimgs and 3D-modelling of TTL
based on the known structure of TLL pointed ouinto phenylalanine to leucine substitutions
in TTL, that could be responsible for its slowesaigtion at lipid-water interface. TTL was
found to be more active on MGDG than on DGDG udith galactolipid-bile salt mixed
micelles and galactolipid monomolecular films. Téadater experiments suggest that the
second galactose on galactolipid polar head imph&snzyme adsorption on its aggregated

substrate.
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1. Introduction

Glycolipids are present in almost all biological miwanes. Among them,
galactolipids are the most abundant membrane lipidglants, especially in green tissues
where they generally represent about 75% of totinbrane lipids [1]. They are especially
abundant in the photosynthetic membranes of théakbids in the chloroplast. These
membranes contain mainly monogalactosyl diacylglylse (MGDG) and digalactosyl
diacylglycerols (DGDG) (Fig.1), which represent 5@¥d 30% of total lipids, respectively
[2]. Plant galactolipids are characterized by lohgin fatty acids, typically varying from C16
to C20 with one to three unsaturations [3] and they particularly rich in polyunsaturated
fatty acids like C16:3 and C18:3 (ALA-linolenic acid) [4]. Although galactolipids aretno
present at high levels in normal human diet cong&wdriglycerides, they may represent the
main source of the essential ALA in the absencspetific supplementation with ALA-rich
vegetable oils. Indeed, ALA can represent as muckhb®% w/w of the total fatty acid in
galactolipids from plant leaves, like in spinach, [@hich is higher than what is found in
flaxseed oil [5]. The uptake of galactolipid fatagids is made possible by the action of
galactolipases (1,2-DD-acyl-1-O-(B-D-galactosyl)-D-glycerol acylhydrolases; EC 3.26).
that hydrolyze the ester bondssatl andsn-2 positions of galactolipids. In humans and other
mammals, this function is mainly fulfiled by paeetic lipase-related protein 2 (PLRP2)
produced by the exocrine pancreas and acting iGtheact [6-8].

Galactolipase activity is often displayed by lipaggriacylglycerol acylhydrolases
EC.3.1.1.3) with broad substrate specificity thet accept various acylglycerols as substrates
like phospholipids and galactolipids. Numerous eney with galactolipase activity have
been discovered in the plant kingdom [9-11] andemecently in microalgae [12]. Various
microbial lipases are also known to degrade gdipais. For example, Dawson et al. found

that microbial lipases from rumen were able to dgoose grass galactolipids in the sheep Gl
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tract [13]. Microbial lipases fromRhizopus arrhizus [14], Mucor javanicus [15] and
Rhizomucor miehei (Lipozyme TM) [16] have been shown to hydrolyze the ester bdnd o
galactolipids. More recently, synthetic medium ch&GDG and DGDG were used to
characterize the galactolipase activity of severall-known microbial lipases, such as the
lipasesfrom Thermomyces lanuginosus (TLL), Rhizomucor miehei (RML), Rhizopus oryzae
(ROL), Candida antarctica A (CalA), and the cutinase frorRusarium solani (FsC) [17].
Using these substrates and natural long chain tgéijeids, a new galactolipase from
Fusarium solani was also identified [18].

In contrast to the large biochemical and structkabwledge on lipases and
phospholipases, galactolipases remain poorly sualel characterized so far. This is mainly
due to the fact that galactolipid substrates atecammercially available at a large scale and
low cost. Natural galactolipids purified from plagteen materials have been used for the
characterization of some galactolipases by thiredashromatography analysis of lipolysis
products or free fatty acid titration [4, 18] budteir limited availability does not allow
thorough kinetic studies. Nevertheless, mediumagali@id substrates have been synthesized
to develop continuous and sensitive assays usegHtstat [19] and the monomolecular film
[7, 20] techniques

Here we used these assays to search for a possdtiety of Talaromyces
thermophilus lipase (TTL) on galactolipids. This enzyme wasvpasly purified from a
newly isolatedTalaromyces thermophilus fungal strain and was shown to have a high activity
towards short, medium and long chain triacylglyte{@1]. The use of wheat bran as carbon
source for cultivatingT. thermophilus was found to be more effectively than olive oil to
induce the production of TTL [21], suggesting thtter types of lipids present in wheat bran,
like galactolipids, could boost the level of TTLpegssion in this fungus. Since the expression

of microbial lipases is in general induced by th#yf acids released upon digestion of the
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lipid used as the carbon source [22], we wonderbdtier TTL displays a galactolipase
activity, as previously identified with homologoaszymes of this fungal lipase family [17,
18].

The galactolipase activity of TTL was investigatesing medium chain galactolipids
presented in the form of mixed micelles with bilalts (pHstat assay; [19]) and
monomolecular films (Barostat assay; [7]). We alsed the characterization of TTL for
developing a novel UV spectrophotometric galactsg assay in microtiter plates using a
synthetic MGDG substrate containingeleostearic acid as chromophore. Various lipase
assays have been developed for high throughpuersage usingu-eleostearic acid esterified
into natural [23, 24] and synthetic triglyceride®5] 26] or phospholipids [27] but not
galactolipids so far. Using this combination ofagblipase assays, we showed that TLL is
active on both MGDG and DGDG and we compared itgtic properties with those of other
galactolipases, the homologous fungal lipase fildmr momyces lanuginosus (TLL), guinea

pig pancreatic lipase-related protein 2 (GPLRP2) @artinase fronfrusarium solani (FsC).
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2. Materials and methods

2.1. Enzymes

TTL was produced by a newly isolated thermo-toleramigél strain identified as
Talaromyces thermophilus Solk and purified according to [21]. Recombinant GPLRPEs
expressed ispergillus orizae and purified according to [28]. Cutinase frémusarium solani
(FsC) was expressed iB.coli and purified as previously described [29hermomyces
lanuginosus lipase (TLL; Lipolase™) was purchased from Sign&t-Quentin-Fallavier,
France). The homogeneity of the various enzymesrawdmely assessed by performing SDS-
PAGE on 12% gels using Laemmli’'s procedure [30].e Tprotein concentration was

determined with a good accuracy using the BCARi¢Kce) and BSA as standard.

2.2. Potentiometric pHstat assay of galactolipase activity

Dioctanoyl galactolipid substrates, C8-MGDG @33-D-galactopyranosyl-1,2-db-
octanoylsn-glycerol) and C8-DGDG (®-(6-O-a-D-galactopyranosyf-D-
galactopyranosyl)-1,2-dB-octanoylsn-glycerol), were synthesized as previously desdribe
[4, 19]. The galactolipase activity was measuremtometrically at 37 °C and at a constant
pH value of 8.0 by continuously measuring the redeaf free fatty acids from mechanically
stirred dispersions of galactolipids, using 0.1 BKNH as titrant and a pHstat apparatus (718
STAT Titrino, Metrohm). To prepare the galactolipigpersion, 25 mg of C8-MGDG or C8-
DGDG were mixed with 5 mL of 0.33 mM Tris-HCI buffecontaining 0.1 M NaCl and
various concentrations of sodium taurodeoxychol@&aTDC) and then subjected to
ultrasonic treatment for 6-8 min in a water bath{Frequency 35 kHz; SONOREX SUPER
compact ultrasonic bath model RK 31, BANDELIN eteaic) [19]. One international

galactolipase unit (U) corresponds to the releasene pmol of fatty acid released per
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minute. The specific activities were expressecternational units per milligram of enzyme

(U/mg).

2.3. Potentiometric pHstat assay of phospholipase and lipase activities

Phospholipase activities were measured potenticcabdyr at 37 °C and pH 8.0 by
automatically titrating the free fatty acids releddrom purified egg la-phosphatidylcholine
(Sigma) as substrate, as previously described [Biplse activities were measured with
mechanically stirred triglyceride emulsions accogdito [21]. Specific activities were
expressed in international units (U) per milligrafrenzyme. One U corresponds tarhol of

fatty acid released per minute.

2.4. Monomolecular film experiments for measuring galactolipase activities

The galactolipase activity was measured using mabeealar films of 1,2-di©-
dodecanoyl-30-B3-D-galactopyranosy$n-glycerol (C12-MGDG) and 1,2-dd-dodecanoyl-
3-0-(6-0O-a-D-galactopyranosyB-D-galactopyranosylsn-glycerol (C12-DGDG) as
substrates. C12-MGDG and C12-DGDG were syntheszegreviously reported [7, 20]. All
experiments were performed using the KSV 5000 barosquipment (KSV, Helsinki,
Finland) and a “zero order” Teflon trough [32]. Tieaction compartment had a surface area
of 38.5 cnf and a volume of 43 ml. The reservoir (24-cm leng.5-cm wide) had a surface
area of 156.5 cfmand a volume of 203 mL. Lipid monomolecular filmsre formed at the
air/water interface by spreading the lipid solut@mg/mL C12-MGDG or C12-DGDG in
chloroform). The enzyme solution was injected itite subphase at a final concentration of
0.02 nM for rGPLRP2, 5nM for TLL and cutinase and3nM for TTL. The aqueous
subphase was composed of 10 mM Tris-HCI, 100 mM IN@C mM CaC}, and 1 mM

EDTA, pH 8.0 and was prepared with double-distilledter. Residual surface-active
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impurities were removed by simultaneous sweepind auction of the surface before
spreading the lipid solution [32]. The reaction @ariment was stirred with a 1-cm magnetic
bar rotating at 250 rpm. The reactions were peréoinat 25°C. Surface pressure was
measured using a Wilhelmy plate (perimeter, 3.9 attached to an electromicro balance.
The trough was equipped with a mobile Teflon bartekeep the surface pressure constant
during enzymatic hydrolysis of the substrate filmdadesorption of the soluble lipolysis
products (monododecanoyl-galactopyranosyl-glycedudecanoic acid). Enzyme activity
was estimated from the surface of the trough cavérethe mobile barrier and the known
molecular area of the substrate molecule. The mtdeareas of the C12-MGDG and C12-
DGDG substrates were previously determined by peiftg compression isotherms [33].
The galactolipase activity was expressed in mofesubstrate hydrolyzed per surface unit
(cn?) per minute and referred to the overall molaritgh® enzyme initially injected into the

aqueous subphase (molémin™.M™).

2.5. Synthesis of 1,2-Di-O-a-eleostear oyl-3-O- 5-D-gal actopyranosyl-sn-glycerol («E-MGDG)

Dry dichloromethane was prepared by successive ingshith water, drying with
calcium chloride, and distillation from calcium mae. Thin layer chromatography (TLC)
was carried out on aluminium sheets coated witbasiel 60 Es4 (Merck). TLC plates were
inspected by UV light( = 254 nm). Column chromatography was performedsitica-gel
(Silicycle). *H and *C NMR spectra were recorded at 293 K using Bruk&S200 or
DRX300 spectrometers. High resolution (HR-ESI-QTofgss spectra were recorded using a

Bruker MicroToF-Q Il XL spectrometer.

3-0-[2,3,4,6-Tetra®-levulinoyl-3-D-galactopyranosyl]-1,D-isopropylidenesn-glycerol @Q):

3-0-[2,3,4,6-Tetra©-acetylf3-D-galactopyranosyl]-1,B-isopropylidenesn-glycerol @



195 (2.60 g, 5.53 mmol) was added to dry methanol (&) containing a chip of sodium and the
196 mixture was stirred for 2 h. Amberlite IR 120"]Hesin was added to neutralize the solution
197 and after 2 min, the solution was filtrated and caaniratedin vaccuo. The product was
198 coevaporated twice from toluene (2x15 mL), dissdlireethyl acetate (50 mL) and levulinic
199 acid (3.92 g, 33.76 mmol), dicyclohexyldicarbodii®mi(8.27 g, 40.00 mmol) and a catalytic
200 amount of 4-dimethylaminopyridine (50 mg) were ®mssively added. The mixture was
201 stirred overnight, and after filtration, the solés washed carefully with ethyl acetate. The
202 organic phase was concentrated to dryness, thee gowoduct was purified by column
203 chromatography (4:1 ethyl acetate-petroleum eth@ute ethyl acetate) and the pure product
204 2 was recovered at 70% vyield: 2.70 g, oily material,0.30 (5:1 ethyl acetate-petroleum
205 ether); p]p +2.1 € 1.0, CHC}); *H NMR (CDCL):05.36 (dd, 1H,J543.4,J45 0.8 Hz, H-4),
206 5.17 (dd, 1HJ1 7.9, 35 10.4 Hz, H-2), 5.01 (dd, 1H, H-3), 4.57 (d, 1H,1H-4.26 (dddd,
207 1H, H-2y), 4.20 (dd, 1HJ5646.7, Jsasp 11.2 Hz, H-6a), 4.10 (dd, 1Hs e, 6.4 Hz, H-6b),
208 4.04 (dd, 1HJ1agy.2qly 6.4, Jiagy 169y 6.4 Hz, H-1gy), 3.92-3.86 (m, 2H, H-5, H-3g), 3.83
209  (dd, 1H, Jingy.2gy 6.2 Hz, H-1ky), 3.62 (dd, 1HJogy3bgly 6.2, Jsagy.angy 10.5 Hz, H-3B),
210 2.80-2.40 (m, 16H, 4CO&CH,COCH), 2.19, 2.18, 2.17, 2.16 (4s, 12H,H4C0), 1.41,
211 1.34 (2s, 6H, (63).C); CNMR (CDCk): 0206.52, 206.43, 206.16, 206.04
212 (4CH;CO),172.15, 171.90, 171.85, 171.41 @QOCH,), 109.26 (C(Ch),), 101.23 (C-1),
213 74.25 (C-3y), 70.81, 70.73 (C-3, C-5), 69.38 (C-3gly), 68.€52), 67.24 (C-4), 66.36 (C-
214 1), 61.38 (C-6), 37.84, 37.77, 37.76, 37.6H(COCH;), 29.76, 29.67GHsCOCH), 27.79
215 (OCOCH,), 26.67, 25.20 ({H3).C).

216 HRMS calculated for &H4esNaOys [M+Na]* 709.2678; found 709.2651.

217

218 3-0-[2,3,4,6-Tetra®-levulinoyl3-D-galactopyranosylpn-glycerol @): a solution of

219 compound? (2.60 g, 1.46 mmol) in 70% aqueous acetic acidni®) was stirred for 5 h at
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60°C. After concentration, the residue was coevatedrfrom toluene (3x20 mL). The crude
product was purified by column chromatography (@HCl;-EtOH). Pure producB was
obtained in 90% vyield: 2.20 g, oily materid; 0.46 (9:1 CHG-EtOH); [0]p-0.5 (2.0,
CHCL); *H NMR (CDCk):05.31 (bd, 1HJ34 3.4,J45 0.2 Hz, H-4), 5.12 (dd, 1 Hj;, 7.8
Hz, J,5 10.5 Hz, H-2), 5.00 (dd, 1H, H-3), 4.49 (d, 1H,1H-4.16 (dd, 1HJs6a 7.1, Jeasb
11.3, H-6a), 4.06 (dd, 1Hs 6, 6.1 Hz, H-6b), 3.89 (bd, 1H, H-5), 3.88-3.55 (rHl, $1-1qyy,
H-1by, H-2y, H-3ay H-3by,), 3.17-3.10 (m, 2H, 20H), 2.85-2.35 (m, 16H,
4COCH,CH,COCH;), 2.19, 2.18, 2.17, 2.16 (4s, 12H, HLO); *C NMR (CDC):
0207.76, 206.89, 206.69, 206.2ZH3CO levulinoyl), 172.28, 171.99, 171.81, 171.75
(OCOCH; levulinoyl), 101.57 (C-1), 72.03 (C4d, 70.89 (C-5), 70.66 (C-3), 70.48, 69.02
(C-2, C-2,,), 67.35 (C-4), 63.35 (Cy}), 61.61 (C-6), 37.87, 37.87, 37.80, 37.69
(CHsCOCH,), 29.87, 29.85, 29.81, 29.7€H:CO), 27.82, 27.80 (OCOGH

HRMS calculated for gHs:NaOs [M+Na]* 669.2365; found 669.2344.

1,2-Di-O-a-eleostearoyl-3-[2,3,4,6-tetra©-levulinoyl-3-D-galactopyranosyl$n-glycerol

(5): a-Eleostearic acidt (2.42 g, 8.42 mmol), dicyclohexyldicarbodiimide.58 g, 17.40
mmol) and a catalytic amount of 4-dimethylaminogdiyre (50 mg) were successively added
under argon to a solution of prod(1.875 g, 2.90 mmol) in dichloromethane (40 mLlheT
mixture was stirred overnight, and methanol (0.90 mas added. After 2 h, the solid was
removed by filtration and washed with dichloromeihaThe combined organic phases were
concentrated to dryness and the crude product wifgep by column chromatography (1:1 to
4:1 ethyl acetate-petroleum ether). A second colahtomatography (9:1 Gi€l,-EtOH) was
necessary to give the pure prodbgctrecovered in 73% yield: 2.47 g, oily materig{,0.20-
0.25 (1:1 ethyl acetate-petroleum ether), 0.70 (*Cl,-EtOH); [a]p +3.7 € 1.0, CHC});

IH NMR (CDCk):56.42-6.33 (m, 2H, 2H-1k), 6.20-6.13 (m, 2H, 2H-12J), 6.13-6.06 (m,

-10 -
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2H, 2H-13}e9, 6.02-5.95 (M, 2H, 2H-1Qy, 5.75-5.65 (M, 2H, 2H-149, 5.43-5.34 (m, 1H,
H-9ieq, 5.37 (bd, 1HJs4 3.4,45 0.7 Hz, H-4), 5.20 (dddd, 1Hagy 29y 3.0, Jibgly,2qly 6.2,
Jogly.3agly?-9, Jogy.3bgly 5.9 Hz, H-2y), 5.16 (dd, 1HJ;» 7.9 Hz,J,3 10.5 Hz, H-2), 5.02 (dd,
1H, H-3), 4.49 (d, 1H, H-1), 4.41 (dd, 1Biagy 1bgy12.0 Hz, H-1g,), 4.20 (dd, 1HJs6,6.6,
Jeasb 11.1, H-6a), 4.14 (dd, 1H, H-4p, 4.10 (dd, 1HJs¢p 6.6 Hz, H-6b), 3.95 (dd, 1H,
Jzaglyabgly 10.9 Hz, H-3g,), 3.89 (bdd, 1H, H-5), 3.69 (dd, 1H, H3h, 2.85-2.45 (m, 16H,
8CH; levulinoyl), 2.35-2.26 (m, 4H, 2CQ4; eleo), 2.19, 2.18, 2.17, 2.16 (4s, 12HHACO
levulinoyl), 2.14-2.07 (m, 4H, 4H, 26;CH=), 1.65-1.55 (m, 4H, 2COGRBH, eleo), 1.40-
1.25 (m, 24H, 128, alkyl chains), 0.91 (t, 9H] 6.5Hz, 2G5CH,); **C NMR (CDCE): o
206.58, 206.49, 206.25, 206.08HzCO levulinoyl), 173.36, 172.88COCH; eleo), 172.26,
171.94, 171.94, 171.47 @CH, levulinoyl), 135.27 (C-14eo), 132.94 (C-12e, 131.84 (C-
9ele, 130.63 (C-18e0, 128.82 (C-10ey), 126.01 (C-1dey, 101.54 (C-1), 70.89 (C-5), 70.76
(C-3), 69.76 (C-g,), 68.78 (C-2), 67.75 (Cq8), 67.24 (C-4), 62.39 (Cy}), 61.41 (C-6),
37.93, 37.87, 37.87, 37.76 (QEOCH,), 34.27, 34.13 (COH; eleo), 32.57 (C-15 eleo),
31.53 (C-16 eleo), 29.8TH;CO), 29.73, 29.25, 29.18, 29.14, 29.11 (C-4, C-8B, C-7),
27.88, 27.86 (OCOCHev, C-8), 24.93 (C-3 eleo), 22.30 (C-17 eleo)0B4C-18 eleo).

HRMS calculated for gHgegNaOy, [M+Na]* 1189.6645; found 1189.6661.

1,2-Di-O-a-eleostearoyl-3-B-D-galactopyranosy$n-glycerol €): a solution of hydrazine
hydrate (1.00 mL, 20.60 mmol) in 3:2 pyridine-acedtcid (20 mL) was added drop wise to a
solution of galactolipicb (1.167 g, 1.00 mmol) in pyridine. The mixture wasred for 15
min, and poured in chloroform (150 mL). The orgapi@ase was washed with water (75 mL)
and with saturated NaHGGsolution (2x50 mL). The aqueous phases were drttawith
chloroform (6x40 mL) and the combined organic pbaseere dried (N&O;) and

concentrated. Pure produ6t was recovered in 60% yield after purification bglumn
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282

283

284

285

286

287

chromatography (10:1 ethyl acetate-methanol): 0.g69ily material,R; 0.70 (10:1 ethyl
acetate-methanol), 0.70 (9:1 @BbL-EtOH); [a]o +3.8 € 1.0, 4:1 CHG+-MeOH); *H NMR
(CDCl): 06.33-6.25 (m, 2H, 2H-1k9, 6.12-6.05 (m, 2H, 2H-129, 6.04-5.97 (m, 2H, 2H-
13ieg), 5.93-5.86 (m, 2H, 2H-1Qy, 5.66-5.57 (m, 2H, 2H-14,), 5.34-5.26 (m, 2H, 2H-
Oeleg), 5.19 (dddd, 1HJ1agly.2gly 3.2, Jibgly,2gly 6.5, Jogly.3aglyD.4, Jogly,avgy 4.1 Hz, H-2y), 4.28
(dd, 1 H,Jagy1bgy12.1 Hz, H-1gy), 4.14 (d, 1HJ:,7.1 Hz, H-1), 4.14 (dd, 1H, H-1b),
3.95 (dd, 1HJsagy.30gy 10.9 Hz, H-3g,), 3.81(bd, 1HJs4 3.4,J45 0.7 Hz, H-4), 3.76 (dd,
J5606.2,J6a,6p11.9, H-6a), 3.67 (dd, 1Hs 6, 5.2 Hz, H-6b), 3.63 (dd, 1H, H-g}, 3.47 (dd,
1H, Jo5 9.6 Hz, H-2), 3.44-3.40 (m, 2H, H-3, H-5), 2.2€@@.(m, 4H, 2COE,), 2.11-1.95
(m, 8H, 4@H,CH=), 1.57-1.47 (m, 4H, 2COGBH; eleo), 1.32-1.17 (m, 24H, 124 alkyl
chains), 0.81 (t, 6H] 6.5Hz, 2@&H5CH,); *C NMR (CDCE): 173.98, 173.68G0CH; eleo),
135.18 (C-1deg), 132.85 (C-13e), 131.68 (C-8ed, 130.53 (C-13e), 128.72 (C-1Qe9,
125.88 (C-1deo), 103.98 (C-1), 74.93 (C-3), 73.32 (C-5), 71.152C70.31 (C-g,), 68.73
(C-4), 67.83 (C-g,), 62.78 (C-}), 61.42 (C-6), 34.19, 34.05 (@M, eleo), 32.44 (C-15
eleo), 31.41 (C-16 eleo), 29.60, 29.12, 29.05, AN co C-Sieo C-6riea C-Toled, 27.74 (C-
8eleq), 24.79 (C-3 eleo), 22.17 (C-4%), 13.81 (C-18c9.

HRMS calculated for gH75010 [M+H]" 775.5353; found 775.5327.
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2.6. Spectrophotometric assay of galactolipase activities using 1,2-Di-O-a-€leostear oyl-3-O-
[D-galactopyranosyl-snglycerol in microtiter plates

Microtiter plates were coated with the UV-absogoomlactolipid substrate using an
oE-MGDG solution (0.5 mg mil) prepared in ethanol and containing 0.01% BHT s a
antioxidant. The wells of UV-transparent microtitglates (Corning, Inc., Corning, NY,
catalog No. 3635) were filled with the substratison (100 pL/well) and left to stand under
a fume hood until the solvent had completely evaggal (for around two hours). The wells
containing the coated galactolipids were washeeettimes with 0.2 mL of the assay buffer
(20 mM Tris-HCI buffer, pH 8.0, containing 150 mMalll, 6 mM CaC}, 1 mM EDTA, and
3 mg mL*? B-cyclodextrin 3-CD)) and left to equilibrate at 37°C for at le&smin with 200
pl of the assay buffer. THeCD was used in the reaction buffer in order taubiize the
long-chain of fatty acids released upon substratdrdiysis. Assays were performed by
adding the lipase solutions (2—10 ul) into the syedind the optical density (OD) at 272 nm
was recorded continuously at regular time intergl80 s for 15 min using a Powerwale
200 microtiter plate-scanning spectrophotometero{Bek Instruments Winooski, VT)
running using the KC4 software. OD measurementidec pathlength correction and OD
values are given for an optical pathlength of 1@me steady-state rate of OD increase)(R
as well as the lag tima)(required to reach the steady state were calalilayditting the OD

variation with time to the following equation adegtfrom Verger et al. [34]:

ODz7At) — ODy7A0) = Ris X t + L.R{€"™)

where OD;At) and OD740) are the optical densities recorded at 272 nmeattion time t
(min) and zero (enzyme injection), respectivelys iR the steady-state reaction rafeOD

min?), and 7 is the lag time (minutes). The specific activifygalactolipases was estimated
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from the steady-state reaction rate using an apparelar extinction of 5320 Mcm™ for a-
eleostearic acid [27] and was expressed as pmbfastypacid 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 sequenocenblogy with TLL (88%
sequence identity), and a known 3D structure of Tith the lid in the open conformation
(PBD code 1GT6 [35]) using the swiss model ser8ét.[A dipolar vector for the constructed
model of TTL and the structure of TLL was calcuthtesing partial Gasteiger charges

obtained with the Chimera program [39].

2.8. Dynamic light scattering measurements

Dynamic light scattering (DLS) experiments on C&DG and C8-DGDG
dispersions in 0.33mM Tris buffer, pH 8, 100mM Na&ld 5mM CaGl were carried out
using a Zetasizer Nano S (Malvern Instruments)fa€C3Each measurement with mixtures of
galactolipids and bile salts was performed in icgte and consisted in 10-15 runs of 10
seconds at a scattering angle of 173°. The detatromof the hydrodynamic diameter (D
was based on the Einstein-Strokes relation to olkes intensity averaged size distribution. A
viscosity of 0.6684 cP and a refractive index &32. (at 37°C) were used for the dispersion
medium, while a value of 1.49 was used as an appedion of the refractive index for
micelles [40]. Changes in the viscosity and inrifeactive index induced by the temperature
were taken into account by the software. Colleatleda were analyzed by applying a

customized method using 70 classes with a sizeeranglysis of 0.6 to 10000 nm.
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3. Results and discussion

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

The galactolipase activity of TTL was first testeésing synthetic medium chain (C8)
MGDG and DGDG mixed with bile salts (NaTDC) at molatios of 1.33 and 0.25,
respectively, to form mixed micelles. This presaéota of substrate to the enzyme was
previously reported to be the most effective forrimds mammalian and microbial
galactolipases [4, 17, 19]. These micelles werechatacterized, however, and dynamic light
scattering was used here to estimate their avgragele size and distribution at 37°C and
pH 8. The hydrodynamic diameters[x-average) of C8-MGDG (10 mM)-NaTDC (13 mM)
and C8-DGDG (10 mM)-NaTDC (2.5 mM) micelles weoairid to be 9.4 £ 0.3 and 24.5 £
0.2 nm, respectively, with polydispersity index (Raf 0.303 and 0.178. These values were in
the same range as those measured with mixed nsiceflphospholipids and bile salts at
similar concentrations [41, 42].

The optimum activity of TTL was found to occur & g on both C8-MGDG and C8-
DGDG (Figure 2). TTL specific activity on C8-MGDGas found to be 40,500 £ 125 U/mg,
compared to 4,658 + 146 U/mg féusarium solani lipase [18], 5,420 + 85 U/mg for
GPLRP2, 984 + 62 U/mg for FsC and 450+ 41U/mg fbt T17]. Thus, to our knowledge,
TTL activity on C8-MGDG is the highest galactolipaactivity measured. This activity is 7-
fold higher than that of GPLRP2, the most activermmalian galactolipase characterized so
far. The maximum specific activity of TTL on C8-D@&Dwas also found to be the highest

galactolipase activity measured with DGDG (9,80@5%U/mg; Figure 2).
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3.2. Galactolipase activity of TTL on C12-MGDG and C12-DGDG monomolecular films

The galactolipase activity of TTL was then tested medium chain synthetic
galactolipids (C12-MGDG and C12-DGDG) that formlkd¢amonomolecular films at the air-
water interface, while their lipolysis products aduble in water [7, 17, 33, 43]. This allows
measuring galactolipase activities at various serfaressures using the barostat technique
[32, 34].

TTL activity on C12-MGDG showed a bell-shaped \atti profile as a function of
surface pressure, with a maximum activity of 16#.7.3 mmol crif min® M at 25 mN/m
(Figure 3A). TTL was found to be 10 to 14-fold maetive than the homologous fungal
lipase TLL, that showed its maximum activity (14a2nol cm? min* M™) at a lower surface
pressure of 12 mN th(Figure 3A). TTL was less active than rGPLRP2 the optimum
activity of the latter (2047 + 237 mmol &min™ M, Table 1) was found at a much lower
surface pressure of 10 mN™m (Table 1). Remarkably, TTL was found to be alde t
hydrolyze C12-MGDG monomolecular films at surfagessures up to 30 mN ' Most
galactolipases characterized so far are not actveuch high surface pressures, except
recombinant human PLRP2 (Table 1; [33]). It confirthat lipases possessing a lid domain,
like TTL, TLL and rHPLRPZ2, are able to hydrolyzdagdolipids at higher surface pressures
than those without a lid, like GPLRP2 and FsC [17].

Similar features were observed with C12-DGDG bithwptimum activities at lower
surface pressures (Figure 3A and Table 1). RembrkdhL only showed a very weak
activity of 0.8 + 0.03 mmol cihi min® M™ on C12-DGDG at 10 mN th(Figure 3A). The
presence of a second galactose unit on the polad loé galactolipids has therefore a
significant effect on the penetration and activatfygalactolipases as a function of surface
pressure, and this effect is particularly markethwiLL. This is also shown by the lag times

for measuring steady state kinetics of galactolipydrolysis using the barostat technique.
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With C12-MGDG, the lag time values were low (1-2njnbelow 15 mN rit and only
increased above and till 25 mN™nfior TTL (Figure 3B). Lag times for both enzymesreve
much higher (10-20 min) with C12-DGDG and this teatwas already observed at low
surface pressure (Figure 3B).

The surface pressure and the size/steric hindrahdke hydrophilic polar head of
galactolipids are therefore two important paransetentrolling the activity of galactolipases,
and this activity is favoured at higher surfacesptge by the presence of a lid domain.
Enzymes without a lid, like GPLRP2 and cutinasewsloptimum activity at low surface
pressures and very long lag times (40-70 min) &chesteady state kinetics above 10 mN m
[17]. The presence of an amphiphilic lid probaladydurs the interaction of the lipase with the
galactolipid monolayer spread at the air-waterrfatee. These results further underline the
crucial role of the lid in the interaction with thipid substrate and the control of enzyme

activity [44, 45]..

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

The conjugated triene present dreleostearic acid confers strong UV absorption
properties on both pure fatty acid and TAGs comainhis fatty acid, as in tung oil in which
it represents around 70% of total fatty acids [A3lese UV absorption properties have been
used for developing lipase and phospholipase spdubtometric assays in microtiter plates
using tung oil [24], synthetic TAG [25, 26] and pbiolipid [27] containingr-eleostearic
acid as chromophore. Following a similar approachye synthesized a
monogalactosyldiglyceride containingeleostearic acidaE-MGDG) to establish a new UV
spectrophotometric assay of galactolipases in riieroplates, in which the substrate is

coated on the well surface.
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For the synthesis adE-MGDG (compound6 in Figure 4), we used 3-[2,3,4,6-
TetraO-acetyl{3-D-galactopyranosyl]-1,D-isopropylidenesn-glycerol (compoundl) that
was obtained in a previous study [7] aneleostearic acid (compoudd prepared according
to Mendoza et al. [25] or O’Connor et al. [46]. Qouand 1 was O-deacetylated under
Zemplén conditions (catalytic sodium methylate ieti@nol), the tetraol was esterified by
treatment with levulinic acid in ethyl acetate hetpresence of dicyclohexylcabodimimide
(DCC) and 4-dimethylaminopyridine (DMAP), affordingpmpound2 in 70% vyield. After
cleavage of the isopropylidene group under acidediom (70% acetic acid, 60°C), the ddol
was reacted witli-eleostearic acid (DCC, DMAP, CHCI,) affording the produch in 73%
yield. Finally, the levulinoyl protecting groups mecleaved by hydrazine hydrate in a 3:2
pyridine-acetic anhydride mixture yielding prodéah 60% yields (Figure 4).

The UV absorption spectrum (230-300 nm) of an maha solution ofaE-MGDG
displayed three major peaks located at 260, 27@®8&chm (Figure 5). This profile spectrum
is similar to that of pure-eleostearic acid [24], pure tung oil triglycerid@8], synthetico-
eleostearic acid-containing triglycerides [25] apldosphatidylcholine [27]. In aqueous
buffer, the major absorption peak was shifted fdn® nm to 272 nm, as described earlier
[47].

Assays of galactolipase activities were perfornadter coating UV-transparent
microtiter plates withaE-MGDG that was first added as a solution in ethdmedore the
alcohol was evaporated. After coating the wellsnafrotiter plates, the absorbance at 272 nm
was recorded for 20 min in the presence of bufféhout enzyme to determine background
absorbance. A constant baseline with optical derf€D) not exceeding 0.3 was recorded,
indicating that the substrate coating was not edtdyy the addition of buffer. TTL and other
galactolipases were then tested, assuming thag #rezymes will bind to the surface-coated

aE-MGDG substrate, will hydrolyze it and releaseleostearic acid (Figure 6A). This long
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chain fatty acid can be further solubilized by cdempformation withp-CD present in the
buffer and its concentration can be measured aomtisly by monitoring UV absorbance at
272 nm (Figure 6A).

To validate the method, various amounts of sutestaated onto the plates (5, 10, 20
or 50 pg per well) and enzymes (20, 40 and 80 n@Tdf, TLL, GPLRP2 or FsC) were
tested. The highest amount of substrate testedu(bOQE-MGDG per well) was retained
because it formed a stable coating and allowed unie@ssteady-state enzyme kinetics for
longer period of time. Typical kinetics showing therease in ODAOD = assay OD - initial
OD) at 272 nm duringe-MGDG hydrolysis by various amounts of TTL arewhan Figure
5B. Lag times of around 6 to 8 min were observddreerecording linear OD variations with
time, but these variations were then proportional TL amounts in the 20 to 80 ng range
(Figure 6B). TTL was the most active enzyme acewydo AOD at 272 nm and compared to
TLL, GPLRP2 and FsC (Figure 6C). In all cases,Btestate kinetics could be obtained after
various lag times (Table 2), with a good lineaotyOD variations at 272 nm as a function of
enzyme amounts (20 to 80 ng; Figure 5D).

Based on a calibration witr-eleostearic acid, variations in OD at 272 nm cdagd
correlated withu-eleostearic acid concentration and further usedhi® estimation of enzyme
specific activities. The apparent molar extinctimvefficient €,y of a-eleostearic acid has
been previously determined in microtiter platesrbgording the absorbance at 272 nm of
various amounts of-eleostearic acid dispersed in the buffer D at 37°C and it was
found to be 5320 Mcm* [27]. Under these conditions, the increase withetiof OD at 272
nm was converted into pmoles @fleostearic acid released per raimd per mg of enzyme
(Table 2). TTL was found to be the most active galgpase onaE-MGDG under these
conditions with a specific activity of 50.3 + 8.9nples mii* mg*. TLL was 10-fold less

active while GPLRP2 and FsC were 3-fold less acfiveese enzymes also showed distinct

-19 -



459

460

461

462

463

464

465

466

467

468

469

470

471

472

473

474

475

476

ar7

478

479

480

481

482

lag times with TLL reaching the most rapidly steatiyte kinetics although it was the enzyme
with the lowest specific activity (Table 2). Thdselings that differentiate TTL and TLL are
similar to those observed with MGDG monomolecuiing at high surface pressures around
20 mN m' with similar ratio of enzyme activity (10 to 12)dhlag times (5 to 8) between TTL
and TLL (Figure 3B). The presentation of the galhpid substrate coated onto the microtiter
plate surface to the enzyme might therefore belaino a substrate monolayer spread at the

air-water interface at 20 mNm

3.4. TTL substrate specificity and structure-function relationships

TTL possesses broad substrate specificity and aasdfto be active on triglycerides
with various acyl chain lengths, phospholipids gadactolipids (Table 3). It was however
more active on galactolipids than on triglyceridesl phospholipids, with a galactolipase
activity on C8-MGDG micelles that is 1.68-fold, Zeld and 9.5-fold higher than TTL
activities on trioctanoin, olive oil, and egg phbapdylcholine, respectively. TTL substrate
preference was closer to that of GPLRP2 than tcckbeely related TLL (Table 3). Indeed,
TLL was 6 to 20-fold more active on triglyceriddsmh on C8-MGDG, while its activity on
phospholipids was in the same order of magnitudisaactivity on galactolipids (Table 3).
TTL was also found to be 4-fold more active on C&IMG than on C8-DGDG, while TLL is
slightly more active on C8-DGDG. TTL and TLL theved display distinct substrate
preference while they share 89 % amino acid idestif48]. Although TTL was globally
more active on C8-MGDG than TLL at steady statshiiwed longer lag times to reach the
steady state, particularly at high surface pressurevhich suggests a slower
adsorption/penetration of TTL at the lipid-wateteiriace compared to TLL. The presence of

an additional galactose on the galactolipid pokacled to a lower activity of TTL, but it is
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unclear whether this results from a steric hindeadaring the interfacial adsorption step or
within the active site.

To gain more information on the structure-functr@hationships of TTL, we built a
3D model based on the known crystal structure eftbmologous TLL with the lid in the
open conformation. The most remarkable differdmesveen the two models was located in
the solvent exposed part of the hydrophobic sutestimding pocket hosting the acyl chains
which encompasses four amino acid substitutionsT Tl vs. TLL (namely: Leu86lle,
Leu93lle, Phe95Leu, Phe2lllLeu) (Figure 7A-B). Thegion is also involved in the
interfacial recognition site (IRS) of the enzymeentthe lid is in its open conformation [45],
as well as in the stabilization of the lid in itesed form. The replacement of two Phe by Leu
residues in TTL might explain the slower adsorppemetration of TTL since aromatic
residues like Phe have strong contributions togmotransfer from water to water-lipid
interfaces [49]. The role of these residues in TWil be investigated by site-directed
mutagenesis in future studies.

Since electrostatic interactions also play an gy role in the interaction of
lipolytic enzymes with polar lipids, we calculatdgbolar vectors for the TTL model and TLL
3D structure. Surprisingly the positive end of Tdlipolar vector was found to be oriented
from the bottom of the active site vertically teetburface (Figure 7C), while in TLL it was
oriented more horizontally along the active sitég@ife 7D). This might favour a better
orientation of TTL towards polar or negatively oped lipid surfaces, and might explain the
5.5-fold higher activity of TTL on phospholipidsropared to TLL (Table 3).

The comparison of TTL model with the crystal stume of TLL does not reveal
specific features that can explain the higher #@gtiof TTL on galactolipids, nor the
preference for MGDG versus DGDG. The presence sé@nd galactose unit on DGDG

polar head may lead to steric hindrance within éheyme active site, but monomolecular
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film experiments rather suggest that the additiogalactose unit impairs the enzyme

adsorption on its aggregated substrate (Figure 3).

4. Conclusions

Besides its activity on triglycerides [21] and pploslipids (this work), the TTL lipase
purified from the fungudalaromyces thermophilus was found to hydrolyze a large variety of
synthetic galactolipid substrates presented inouariforms to the enzyme (micelles,
monolayers, coating on solid surface). In all cagedisplays some of the highest lipolytic
activities recorded so far whatever the substiat@ppears to be more active on galactolipid
mixed micelles than on monomolecular films or scef@oated MGDG. Nevertheless, the
presence of a lid in TTL favours the hydrolysisnebnomolecular films of galactolipids at
high surface pressure as observed with the homo®doangal lipase fronmThermomyces
lanuginosus (TLL) belonging to the same gene family [48]. Biénces in lag times for
reaching steady state kinetics of hydrolysis ofgallipid monomolecular films or surface-
coated MGDG, and 3D modelling based on the knowns8Dcture of TLL, pointed out to
amino acid substitutions within the IRS of TTL thaduld be responsible for a slower
adsorption/penetration at lipid-water interface paned to TLL.

Finally, we have developed a fast, sensitive anmditoous assay of galactolipases in
microtiter plates using a novel synthetic galapidlisubstrate containing-eleostearic acid
that allows a direct detection by UV absorptiontteé fatty acids released upon lipolysis of
MGDG. Although the specific activities (U/mg) deeudcfrom this assay (Table 2) are 2 to 3
order of magnitude lower than those estimated ley gHstat technique from C8-MGDG
micelle hydrolysis (Table 3), the UV detection mdd fatty acids released from coated MGDG
is highly sensitive and allows measuring significactivities with about ten ng of enzymes,

against hundred ng to ten pg with the pHstat. Tweet galactolipase activities measured
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with the UV-spectrophotometric assay and substaéted on microtiter plates are therefore
not an obstacle to the applicability of this noaskay. These lower activities are probably
linked to the mode of action of lipolytic enzymdsat depends on the accessible surface
available for enzyme adsorption at the lipid-waitgterface, the first step in the overall
process of interfacial catalysis. With the pHsta&tmod and the use of mixed micelles or fine
triglyceride emulsions as substrate, a very lamgeessible surface is created which ensures
maximum enzyme adsorption and thus maximum enzytnatyg. With substrate coated onto
the wells of microtiter plates, as well as with morlecular films, the accessible surface
available for enzyme adsorption is much reduced anéd can expect a lower enzyme
turnover.

The novel UV-spectrophotometric assay using surtaeged MGDG with UV-
absorbinga-eleostearic acid allows the estimation of enzymecsic activities from steady
state kinetics. Moreover, the lag times for reaghimese conditions give some idea about the
enzyme affinity for the lipid-water interface. Iretg the differences observed between TTL
and TLL are in good agreement with independent x@ats performed with galactolipid
monomolecular films. In addition to TTL charactatibn showing its potent galactolipase
activity, this novel assay will be an interestingltfor screening enzymes and mutant thereof

for their galactolipase activities.
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723 Figurelegends

724

725 Figure 1. Chemical structures of monogalactosyl diacylglyt€GDG; 1,2-diacyl-30-f-
726 D-galactosylsn-glycerol) and digalactosyl diacylglycerol (DGDG24diacyl-30O-(6-O-a-D-

727 galactosylB-D-galactosyl)sn-glycerol).
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729 Figure 2. pH-dependent galactolipase activity of TTL on sytithhmedium chain MGDG and
730 DGDG as substrates. Activities were measured usiiegpHstat technique and substrate
731 micelles with a bile salt (NaTDC) to galactolipidotar ratio of 1.33. Values (U/mg) are

732 means = SD (n=3). 1 U =1 umole of free fatty ael@éased per min.
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734  Figure 3. Variations with surface pressure in the actiatyf TL and TLL on monomolecular
735 films of galactolipids. (A) Steady-state activitiesn C12-MGDG and C12-DGDG
736 monomolecular films; (B) Lag times observed in doeirse of C12-MGDG and C12-DGDG
737 monomolecular film hydrolysis by TTL and TLL. Gldenzyme concentration was 0, 45 nM

738 for TTL and 5 nM for TLL. Values are means + SD @)=

180

160| —® TTL/C12-MGDG
=+ TLL / C12-MGDG
—O-TTL/ C12-DGDG
120 —2TLL/C12-DGDG

140

Activity (mmole.cm2.min-'.M)
3

20
15

10

5 /x
5 10 15 20 25

Surface pressure (mN/m)

Lag time (min)

30 35

739



740 Figure 4. Synthesis scheme of 1,2-Dra-eleostearoyl-39-p-D-galactopyranosysn-

741 glycerol @E-MGDG).
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743 Figure5. UV absorption spectra of-eleostearic acid (60g/mL) andaE-MGDG (60ug/mL)

744  dissolved in ethanol containing BHT 0.001%.
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Figure 6. UV-spectrophotometric assays of galactolipasavides using 1,2-DiO-a-
eleostearoyl-39-B-D-galactopyranosysn-glycerol @E-MGDG). (A) Schematic
representation of the assay showing the enzymatoolysis of theaE-MGDG film coated
onto the wells of a microtiter plate, followed byetsolubilization of free-eleostearic acid
(FFA) in the bulk phase by formation of a complexxhv3-cyclodextrin B-CD); E, lipase in
solution; E*, activated lipase at the interfaces@pstrate. (B) Variations with time of optical
density at 272 nm (versus @R at time zero) using various amounts of TTL. (Cyisf@ons
with time of optical density at 272 nm (versus {at time zero) of various enzymes (40 ng
each). (D) Variations of optical density at 272 per min at steady state as a function of
enzyme amounts. Substrate coated onto the mer@s0 pg/well) was incubated with 20,40
and 80 ng of GPLRP2, TLL, cutinase or TTL, respetdi. Enzymes were injected into the

well containing 200 ul of buffer. The increase iD @t 272 nm was recorded for 15 min.
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759 Figure 7. Comparison of TTL structural model (in cyan) and TX-ray structure (in green;

760 PDB : 1GT6A). (A, B) side views of TTL and TLL ribb models, respectively, showing the
761 amino acid substitutions present in the interfaabgnition site (IRS) of the two enzymes.
762 Molecules are oriented with their IRS on the toprpendicular to the image plane and
763 including thea-helix of the lid domain. The active site serinesi®wn as red sticks. (C, D)

764 calculated dipole moment vectors for TTL and TLéspectively.
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767 Table 1. Maximum rates of hydrolysis (mmol ¢mmin® M™) of C12-MGDG and C12-
768 DGDG monomolecular films by TTL and other galagiekes. Values are means + SD (n=3).
769 The surface pressures, (mN ni') at which these activities were recorded are @it in

770 parenthesis.

771
Enzyme Substrate
C12-MGDG C12-DGDG
TTL 161.7 + 7.34=25) 58.8 + 3.41 =15)
TLL 14.2 +0.5 fi=15)° 0.8 +0.03 ¢ = 10)
rGPLRP2 2047 + 237 1=10)? 2126 + 192 1=7)°
rHPLRP2 1400 + 500 (=15-25)" 3200 + 8001=12)"
Cutinase 7.2+0.1 =12)° <10°
772

773 ?Data from [17]® Data from [33].
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775 Table 2. Specific activities at steady state (Lmole Ting") onaE-MGDG and lag times of

776 TTL and other galactolipases. Values are means fnSB).

Enzyme Specific Activity L ag time (min)

(Lmoles mift mg?)

TTL 50.3+8.9 6.9+0.9
TLL 50+1.7 09+15
GPLRP2 15.0+4.0 51+14
Cutinase 143+1.1 109+0.5
777
778
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Table 3: Maximum specific activities (U/mg) of TTL and ethlipases on various lipid

substrates. TC4, tributyrin; TCS8, trioctanoin; H8G, egg phosphatidylcholine; C8-MGDG,

monogalactosyldiacylglyceroC8-DGDG,digalactosyldiacylglyceroValues are means + SD

(n=3).
Enzymes Substrates

TC4 TC8 Olive ail Egg PC C8-MGDG | C8-DGDG
TTL 7300 + 122 | 24110 + 39G | 9808 + 139 | 4250 + 250| 40500 + 125| 9800 + 125
TLL 7834 +850° | 9250+101 | 2900+91 | 767 +188 | 450 +47? 672 +61°
rGPLRP2 2700+ 300 | 675+ 43 754 + 151° 500 5420 + 85 | 4375+ 125

b

Fusariumsolani | 2596 +96° | 2965 + 5¢° 688 + 10° 0 984 + 62° 300 +29°
cutinase

aData from [21] ? Data from [17]data from [51]¢ data from [52]2data from [53].
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