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Conversion of Bacillus thermocatenulatus lipase into an efficient phospholipase with increased activity towards long-chain fatty acyl substrates by directed evolution and rational design
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The thermoalkalophilic lipase from Bacillus thermocatenulatus BTL2 exhibits a low phospholipase activity (lecithin/tributyrin ratio 0.03). A single round of random mutagenesis of the BTL2 gene followed by screening of 6000 transformants on egg-yolk plates identified three variants with 10–12-fold increased phospholipase activities, corresponding to lecithin/tributyrin ratios of 0.16–0.36. All variants were specific for the sn-1 acyl ester bond of 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine. Mutations occurred predominantly in the N-terminal part of BTL2 with regions surrounding the predicted helix α4 and lid as hotspots. Two mutations, L184P located in the predicted helix α4 and H15P found in the highly conserved oxy-anion hole motif among hydrolases, were identified to account for increased phospholipase activity. Two of the three variants showed reduced activities towards mediumand long-chain fatty acyl methyl esters compared to the wild-type enzyme. Substitution of Leu353 with Ser, which is located adjacent to the active site histidine and is important for phospholipase activity in the Staphylococcus hyicus lipase, increased the absolute phospholipase activities of the variants, but not of BTL2, approximately 2-fold. The engineered best variant displayed a lecithin/tributyrin ratio of 0.52, corresponding to a 17-fold increase compared to the wild-type enzyme. Moreover, this variant exhibited a 1.5–4-fold higher activity towards long-chain fatty acyl methyl ester (C18:1, C18:2, C18 and C20) compared to BTL2. A second round of mutagenesis and screening on lecithin-plates yielded no new variants with further increased phospholipase/lipase activity ratios, but instead one variant with a 5-fold increased expression rate and two variants with a 3-fold reduced activity towards triolein were obtained. Keywords: Bacillus thermocatenulatus/directed evolution/ lipase/phospholipase Introduction Lipases (triacylglycerol hydrolases, E.C. 3.1.1.3) are ubiquitous enzymes in nature catalyzing the important breakdown of energy rich triacylglycerols to release glycerol and fatty acids at the water–lipid interface (Wolley and Petersen, 1994). Presently, close to 150 lipases have been cloned from microorganisms, plants and animals and their properties investigated (for a comprehensive list see ‘The ESTHER database’ at http:// www.ensam.inra.fr/cholinesterase/definitions.html). However, despite their different origins and enzymatic properties they © Oxford University Press



share a common structural fold termed as the α/β-hydrolase fold (Schrag and Cygler, 1997). Structures are available for a number of microbial and pancreatic lipases (Pleiss et al., 2000 and the ‘Lipase Engineering Database’ at http://www.led. uni-stuttgart.de/), which can be grouped into different structure families based on the shape of their active sites (Pleiss et al., 1998). Lipases exhibit a remarkable broad substrate specificity and not only efficiently catalyze, often stereo- and regioselective, the hydrolysis of a wide range of esters but also the reverse reactions, ester synthesis and transesterification, which makes them highly versatile biocatalysts (reviewed in Bornscheuer and Kazlaukas, 1999; Schmid and Verger, 1998). We created a toolbox of functionally over-expressed recombinant microbial lipases representing different groups of lipase active site shapes (Schmidt-Dannert et al., 1998; Schmidt-Dannert, 1999) that can be tailored for specific applications (Scheib et al., 1998). One of the lipases of this toolbox, lipase BTL2 cloned from the thermophile Bacillus thermocatenulatus, appeared to be particularly suited for biocatalysis because of its high stability and activity (Ru´a et al., 1998). Moreover, lipase BTL2 can be functionally expressed in large quantities in Escherichia coli (Schmidt-Dannert et al., 1997) and recent mapping of its substrate selectivity with a library of unnatural ester substrates showed high to moderate enantioselectivities (Liu et al., 2001). However, while for most lipases in our toolbox structural information is available allowing rational design of tailormade biocatalysts (Schmidt-Dannert, 1999), no such information exists for lipase BTL2, which is most closely related to staphylococcal lipases. In vitro evolution has become a powerful tool with which to create biocatalysts and multi-enzyme metabolic pathways with new desired properties by random mutagenesis and/or recombination followed by screening or selection of the generated recombinant libraries for new desired variants, all in the absence of detailed structural information (Schmidt-Dannert and Arnold, 1999; Jaeger and Reetz, 2000; Schmidt-Dannert et al., 2000). A lipolytic enzyme with high phospholipase activity, high stability and that can readily be produced in large quantities would be of great interest for the preparation of natural and unnatural phospholipids as pharmaceuticals, cosmetics, food additives, for liposome and in gene transfer technologies (D’Arrigo and Servi, 1997). Moreover, a hydrolytic enzyme that attacks either the sn-1 (phospholipase A1) or sn-2 (phospholipase A2) acyl ester bonds of 3-sn-phosphoglycerides would allow the selective production of monophospholipids for different applications (Bornscheuer and DGF, 2000). Therefore, we chose to evolve BTL2 into an efficient phospholipase that hydrolyzes acyl ester bonds of 3-sn-phosphoglycerides and pinpoint the responsible mutations as well as their influence on acyl chain length substrate selectivity. Within the last few years a number of phospholipases with characteristics of α/β-hydrolases displaying type A2 (Mancuso et al., 2000; Tanaka et al., 2000; Winstead et al., 2000) or 919
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type A1 activities (Watanabe et al., 1999) have been identified. In contrast, typical lipases like, for example, BTL2, show no or only very little activity towards phospholipid substrates. However, notable exceptions with high phospholipase activity are the lid-less guinea pig pancreatic lipase (type A1 activity) (Hjorth et al., 1993) and the Staphylococcus hyicus lipase (SHL) (regiospecificity not described) (Nikoleit et al., 1995; Simons et al., 1996, 1998a,b). The absence of a lid was initially thought to be responsible for the phospholipase activity of guinea pig pancreatic lipase (Withers-Martinez et al., 1996). However, the exchange of lid domains between the guinea pig (phospho)lipase and the homologous classical human pancreatic lipase showed that the lid-domain is not the only determinant for phospholipase activity (Carrie`re et al., 1997). Mutation and recombination studies carried out with SHL and a highly homologous lipase from Staphylococcus aureus (SAL) exhibiting only low phospholipase activity could identify residues within the C-terminal part of SHL responsible for its phospholipase activity (Van Kampen et al., 1998a,b, 1999). After completion of this study, Van Kampen et al. recently reported the 11.5-fold enhancement of the phospholipase/lipase ratio of an engineered SAL variant by performing several rounds of random mutagenesis on the C-terminal lipase part followed by recombination of the obtained variants (Van Kampen et al., 2000). Although BTL2 shares significant homology with staphylococcal lipases, much less homology exists between the C-terminal parts of the lipases, preventing the direct implementation by site-directed mutagenesis of residues accounting for phospholipase activity in Staphylococcus lipases. In this paper we report how random mutagenesis of lipase BTL2, followed by plate screening of the resulting E.coli transformants expressing mutated BTL2 under the control of the temperature inducible λPL, allowed the creation of BTL2 variants in a single round of mutagenesis with a 5–12fold enhanced phospholipase/lipase ratio while retaining or increasing lipolytic activities. Reverse mutagenesis and recombination of mutations were used to identify mutations responsible for altered activities and results are compared to findings obtained with SHL and SAL. A second round of random mutagenesis and site-directed mutagenesis was used to further enhance phospholipase activity. Fatty acyl chain length selectivities of mutants were investigated and found to be shifted compared to wild-type BTL2, resulting in lipase variants with increased activities towards long acyl chain substrates. Materials and methods Chemicals Tributyrin, triolein, lecithin (3-sn phosphatidylcholine from egg yolk), fatty acid methyl esters (GC grade; chain length C6–C20), n-methyl-n-trimethylsilylhepta-fluorobutyramide (MSHFBA) were obtained from Fluka (Deisenhofen, Germany). 1-Palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine was from Sigma (Deisenhofen, Germany). Egg yolk was from hen’s egg. DNA modifying enzymes were from MBI Fermentas (St. Leon-Rot, Germany) and oligonucleotides from Interactiva Biotechnology (Ulm, Germany). All other chemicals were of analytical grade. Bacterial strain, plasmid and DNA techniques Plasmid pT-BTL-2, containing the lipase gene BTL2 of B.thermocatenulatus cloned under the control of the temper920



ature inducible λPL promoter as described earlier (Ru´ a et al., 1998), and E.coli DH5α [F–, supE 44, ∆lacU169 (φ80lacZ∆lacZM15), hsdR 17, recA1, endA1, gyrA96, thi-1, relA1] (Hanahan, 1983) were used. Cells were routinely grown in low-salt Luria-Bertani (LB) medium (10 g/l yeast extract, 10 g/l tryptone, 5 g/l NaCl) supplemented with ampicillin (0.1 mg/ml) at 37°C. Egg-yolk and lecithin LB-plates were used for screening of E.coli clones expressing lipase variants with phospholipolytic activity. Egg-yolk LB plates were prepared by mixing three egg yolks into 1 l of sterilized LB medium (40°C) containing 15 g/l agar and 0.1 mg/ml ampicillin. Lecithin plates were prepared by mixing 10 g of lecithin into 1 l of LB medium containing 15 g/l agar; before and after autoclaving the mixture was homogenized (Ultraturrax T25, Janke and Kunkel, Staufen, Germany). Tributyrin LB plates for the detection of lipolytic activity were prepared as described earlier (SchmidtDannert et al., 1997). Restriction enzymes and other enzymes for DNA manipulations were purchased from MBI and used according to the manufacturer’s instructions. Kits from Qiagen (Hilden, Germany) (Mini-, Midiprep and Qiaquick) were used for plasmid isolations and extractions of DNA fragments from agarose gels following the instructions. The QuikChange site-directed mutagenesis kit from Stratagene (Amsterdam, Netherlands) was used for site-specific introduction of point mutations into the BTL2 gene. DNA sequencing was performed on an Applied Biosystems, Weilerstadt, Germany ABI 373A sequencer using the Taq Ready Reaction Dye Deoxy™ Terminator Cycle Sequencing kit (Applied Biosystems) and sequencing primer deduced from the BTL-2 nucleotide sequence. Standard protocols were used for the preparation and transformation of competent E.coli cells (Chung et al., 1989). Construction of random mutant library and screening Random mutations were introduced into the BTL2 gene by PCR amplification under error-prone conditions. Four reactions were performed each in 100 µl volume consisting of: 250 µM of three non-limiting nucleotides and 25 µM of one limiting nucleotide (each reaction contained a different limiting nucleotide), 10 mM Tris–HCl, pH 8.0, 50 mM KCl, 0.8% Nonidet P40, 2.5 mM MgCl2, 100 pmol of each of the primer (ER1: 5⬘ acc act ggc ggt gat act gag cac atc agc 3⬘ and ER2: 5⬘ ctc cgc tga aac tgt tga aat ttg ttt ggc g 3⬘), 100 ng of pT-BTL2 and 5 units of Taq polymerase. The reactions were subjected to 25 cycles of 1 min at 95°C, 2 min at 52°C and 3 min at 72°C using an Eppendorf Mastercycler gradient thermocycler Eppendorf (Hamburg, Germany). The amplified PCR products of the four reactions were combined, digested with EcoRI and NdeI (random libraries of wild-type BTL2 and of variant M10) or with EcoRI and NcoI (random libraries of variants M1 and M3) and ligated into the vector backbone obtained after digesting pT-BTL2 with the same enzymes. The ligation products were transformed into E.coli DH5α and the resulting transformants plated onto fresh egg yolk (first round of random mutagenesis) or lecithin (second round of random mutagenesis) LB plates. Plates were incubated for 18 h at 37°C or until clear zones surrounding positive clones appeared due to the phospholipolytic cleavage of lecithin (the major constituent of egg yolk) to release water soluble fatty acids and phosphatidylcholine glycerol. Because the wild-type BTL2 lipase exhibits low phospholipase activity, plates were incubated at a suboptimal induction temperature of 37°C instead of 42°C at
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Table I. Lipase and phospholipase activities and ratios of wild-type and variant BTL2 lipasesa Tributyrin (U/mg)



Triolein (U/mg)



Lecithin (U/mg)



Lecithin/tributyrin



Lecithin/triolein



Triolein/tributyrin



BTL2 BTL2-L353S



132 295



18 68



4 16



0.03 0.05



0.22 0.23



0.14 0.23



M1 M1-H15P M1-L353S



219 212 368



27 52 66



49 65 95



0.22 0.31 0.26



1.81 1.25 1.44



0.12 0.24 0.18



M2 M2-H15P M2-L353S



108 387 133



34 115 56



39 26 69



0.36 0.07 0.52



1.15 0.23 1.23



0.31 0.30 0.42



M3 M3-G183D M3-P221S M3-N229K M3-L353S M3.1 M3.2



293 374 551 591 433 265 279



47 90 120 58 95 17 17



48 62 89 70 80 44 47



0.16 0.17 0.16 0.12 0.18 0.17 0.17



1.02 0.69 0.74 1.20 0.84 2.56 2.76



0.16 0.24 0.22 0.1 0.22 0.06 0.06



Enzymatic activities were determined in a pH-stat assay with substrate solutions of mixed micelles of triolein or tributyrin and 0.25% (w/v) taurocholate containing 10 mM CaCl2 and pure micelles of lecithin containing 25 mM CaCl2 (50°C and pH 7.5). aActivities given are average values of triplicate measurements. The range of triplicate values for specific activities was within 5%.



which the λPL promoter is fully induced. Using these conditions E.coli colonies expressing wild-type BTL2 produced no clearing zones on egg-yolk and lecithin plates. Positive clones producing clear zones on egg-yolk or lecithin plates were selected for further studies and sequence analysis of the mutated lipase genes. The three positive BTL2 variants selected in the first round of random mutagenesis and screening were subjected to a second round of random mutagenesis following essentially the same procedure. However, transformants were plated on lecithin instead of egg-yolk plates. To determine whether increased expression levels were caused by mutations in the vector sequence, the lipase gene was cut and subcloned into a new vector backbone preparation essentially as described above. The obtained transformants were again plated on lecithin plates and checked for reoccurring clearing zones surrounding the E.coli clones. Expression Escherichia coli DH5α containing no plasmid (negative control), pT-∆BTL2 (empty expression vector as a second negative control), wild-type BTL2 or mutated BTL2 genes on pT-BTL2 were grown in LB medium at 30°C until OD578nm ⫽ 0.8–1.0 was reached. A subsequent shift of the cultivation temperature to 42°C induced gene expression. After 4 h of expression, E.coli cells were collected (20 min, 5000 g, 4°C), washed with 50 mM Tris–HCl, pH 8.0 and stored at –20°C for further studies. Frozen cells (0.2 g) were dissolved in 1.5 ml of 50 mM Tris–HCl, pH 8.0 and disrupted for 5 min by sonication (Sonifier 250, Branson, Geneva, Switzerland). Insoluble proteins and cell debris were removed by centrifugation (10 min, 15 000 g, 4°C) and the obtained extract used for activity measurements. To monitor lipase expression rates, samples taken at different cultivation times were centrifuged and the obtained cell pellets dissolved in 400 µl of sample buffer [100 mM Tris, 200 mM dithiothreitol, 4% (w/v) sodium dodecyl sulfate (SDS), 0.2% (w/v) bromophenol blue, 20% glycerol], denatured at 95°C for 5 min and centrifuged (10 min, 15 000 g, 4°C). Cleared aliquots (10–20 µl) of these extracts were subjected to SDS–



PCR on a 12.5% gel (Laemmli, 1970). Gels were stained both for protein with Coomassie Brilliant Blue R-250 and after renaturation, for lipolytic activity with α-napthylacetate Fast Red (Schmidt-Dannert et al., 1996; Ru´ a et al., 1998). Expression levels of wild-type and mutant BTL2 lipase were estimated as a percentage of total cellular protein by scanning densitometry of SDS gels using an Imagemaster VDS (Pharmacia, Freiburg, Germany). Enzymatic activity measurements Hydrolytic activities were determined by a pH-stat assay using mixed micelles of tributyrin, triolein taurocholate as lipase substrates and pure micelles of lecithin [purified phosphatidylcholine (PC) from egg yolk, Fluka (Deisenhofen, Germany)] as phospholipase substrate. Tributyrin (67 mM) and triolein (23 mM) were emulsified in distilled water containing 0.25% (w/v) taurocholate using a homogenizer (Ultraturrax T25, Janke and Kunkel, Staufen, Germany). Lecithin [2% (w/v), approximately 25 mM according to the fatty acid composition (33% C16:0, 14% C18:0, 30% C18:1, 14% C18:2, 4% C20:4) given by Fluka, Geneva, Switzerland] was emulsified without stabilizer. Unless otherwise stated, CaCl2 was added to the substrate solutions in a final concentration of 10 mM (tributyrin, triolein) and 25 mM (lecithin), respectively. Additionally, an egg-yolk emulsion was prepared by homogenizing 1 egg yolk, 4 g of gum arabic and 200 ml of H2O with pH adjusted to 7.5 and used as phospholipase substrate solution in the pH-stat. Aliquots of 10–200 µl enzyme samples were added to 20 ml of a substrate emulsion. Liberated fatty acids were automatically titrated at 50°C in a pH-stat (Schott, Mainz, Germany) with 0.01 M NaOH to maintain pH 7.5 constant. One unit (U) of hydrolytic activity was defined as the amount of enzyme releasing 1 µmol fatty acid per minute under assay conditions. Activities are given as activities per milligram protein in the enzyme preparation to account for variations in absolute expression values and cell densities in the frozen pellets of the cultures used for extract preparation. Protein concentrations were determined with the bicinchoninic acid (BCA) protein assay kit (Pierce, Rockford, USA) using the enhanced method 921
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and bovine serum albumin (BSA) as the reference protein according to the manufacturer’s instructions. Determination of acyl chain length activity An emulsion of 90 mM fatty acid methyl esters with different acyl chain length (10 mM of each) was prepared in distilled water containing 2% (w/v) gum arabic as stabilizer (other stabilizers such as taurocholate and Triton X-100 interfered with the extraction of fatty acids). Hydrolysis was carried out in a pH-stat at 50°C and pH 7.5 by the addition of 500 U lipase sample (as determined with tributyrin as substrate) to 20 ml of the substrate solution until titration (with 0.1 M NaOH) of 18 mM fatty acids. Next, 2 ml of the reaction mixture were withdrawn and hydrolytic activity stopped by adding 100 µl of 85% orthophosphoric acid. Liberated free fatty acids were subsequently extracted three times with 2 ml of diethylether:n-hexane (1:1). The resulting extract was reduced in vacuo to a final volume of 1 ml. An aliquot of 100 µl of the extracted fatty acids was dried under nitrogen and derivated to the respective silyl ethers by addition of 50 µl of MSHFBA and incubation for 15 min at room temperature. After subsequent addition of 200 µl of n-hexane to the mixture, 1 µl of sample was subjected to GC analysis of free fatty acids on a Fison 800 gas chromatograph (Fisons Instruments, Beverly, USA) (temperature program: 40°C for 2 min, 4°C/min, 250°C for 15 min, injector 350°C, flame ionization detector 360°C, 75 kPa) equipped with an Optima 5 column (25 m⫻0.25 mm) (Macherey & Nagel, Du¨ ren, Germany). Concentrations of fatty acids were calculated by comparison of peak areas with those of a reference mixture of derivated fatty acids and fatty acyl methyl esters. Determination of positional specificity An emulsion of 10 mM 1-palmitoyl-2-oleoyl-sn-glycero-3phosphocholine (L-α-phosphatidylcholine, β-oleol, γ-palmitoyl) was prepared in 100 mM sodium phosphate buffer, pH 7.5, containing 0.9% (w/v) NaCl, 4 mg/ml taurocholate and 10 mg/ml gum arabic. Hydrolysis was carried out in a thermomixer (Eppendorf, Hamburg, Germany) at 50°C and 900 r.p.m. by the addition of 200 µl of lipase sample or 200 µl of 50 mM Tris–HCl, pH 8.0, as a negative control, to 400 µl of the substrate solution. The reaction was stopped after 90 min of incubation by adding 30 µl of 85% orthophosphoric acid. Liberated free fatty acids were subsequently extracted three times with 2 ml of diethylether: n-hexane (1:1). The resulting extract was dried under nitrogen, derivated to the respective silyl ethers and subjected to GC analysis of free fatty acids as described above. Palmitic acid and oleic acid, derivated to the respective silyl ethers, were used as reference compounds. Results and discussion Lipase and phospholipase activity of wild-type BTL2 Lipase activity of BTL2 was measured with triglyceride substrate emulsions of tributyrin (C4) or triolein (C18:1) containing 0.25% (w/v) taurocholate and 10 mM CaCl2. Triton X-100, which is commonly used in triglyceride emulsions as



a stabilizer (Thomson et al., 1999), strongly decreased lipolytic activity of BTL2 6-fold. The activities measured with tributyrin or triolein emulsion containing cholate, taurocholate or gum arabic though, were comparable for each triglyceride. Because of the strong autohydrolysis of lecithin at temperatures above 50°C, all measurements were carried out at 50°C instead of 65°C, which is the optimal temperature for BTL2, to allow comparison of lipase and phospholipase activities (SchmidtDannert et al., 1996). As expected from previous studies (Schmidt-Dannert et al., 1997), BTL2 showed higher activities with the short-chain triglyceride tributyrin (132 U/mg) than with triolein (18 U/mg) (Table I). After plating E.coli cells containing the wild-type BTL2 gene cloned in pT-BTL2 on egg-yolk plates and incubation at 37°C for 12–16 h, followed by incubation at 42°C for 4–6 h to fully induce protein expression, we noted the development of clear zones surrounding individual clones as the result of phospholipolytic activity. To quantify the phospholipase activity and compare phospholipase and lipase activity of wildtype BTL2, we used a pH-stat method with egg-yolk and lecithin substrate emulsions. A number of substrate emulsions have been described to determine phospholipolytic activities with a pH-stat method (De Haas et al., 1968; Carrie`re et al., 1997; Van Kampen et al., 1998). One of the most commonly used pH-stat phospholipase assay uses an egg-yolk emulsion as substrate [egg yolk contains approximately 30% (w/v) phospholipids] (De Haas et al., 1968). Therefore, we prepared an egg-yolk emulsion to measure the phospholipase activity of BTL2. However, in contrast to our observation of phospholipase activity on egg-yolk plates we found no hydrolytic activity of BTL2 with any of the tested egg-yolk emulsions. We then prepared substrate emulsions of mixed micelles of purified lecithin from egg yolk (phosphatidylcholine) with each of the following stabilizers: cholate (0.25%), taurocholate (0.25%), Triton X-100 (0.5%) or gum arabic (0.5%). In addition, we prepared an emulsion of pure micelles of lecithin. In contrast to egg yolk, pure micelles of lecithin were hydrolyzed, albeit at a slow rate, by BTL2 (4 U/mg) (Table I). However, mixed micelles of lecithin were not or only very poorly hydrolyzed. The phospholipase activity of BTL2 with lecithin was only 3% of the activity measured with the lipase substrate tributyrin. Escherichia coli cells containing no plasmid or pT-∆BTL2 as negative controls exhibited neither lipase nor phospholipase activity in any of the assays employed. A comparison of phospholipase and lipase activities of different microbial lipases carried out by Simons et al. (Simons et al., 1998a,b) showed a very low phospholipase activity for lipase BTL2 with rac-1,2-dihexanoyldithiopropyl-3-phosphocholine (0.0001 compared to tributyrin activity), while two other structurally different phospholipids (2-hexadecanoylthio-ehane-1-phosphocholine, rac-1,3-dioctanoyl-sn-glycero3-phosphocholine) were not substrates for BTL2. Most other microbial lipases compared in this study also exhibit low phospholipase/lipase activity ratios ranging from less than 0.0001 to 0.068 for SAL. Only SHL shows a 5.3-fold higher phospholipase than lipase activity. It should be noted, though,



Fig. 1. Alignment of lipase B.thermocatenulatus (BTL2) with lipases from S.aureus PS54 (SAL), S.hyicus (SHL) and P.glumae (PGL). Structural elements [helices (α) and strands (β)] of BTL2 and staphylococcal lipases as suggested by Simons et al. (Simons et al., 1998b, 1999) are given above and those identified in the PGL structure (Noble et al. 1993; Lang et al., 1996) are shown below the alignment. Active site residues (*) as well as the lid region (bold) and helices α 4 and α5 of PGL are indicated. Amino acid exchanges identified in the individual BTL2 mutants are given below the alignment. For comparison, mutations found in the evolved SAL variant (introduced positional mutations bold) are shown in brackets in the bottom line.
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Fig. 2. Comparison of expression levels in E.coli of wild-type B.thermocatenulatus lipase (WT) (lane 1) and mutant lipases M1 (lane 2), M2 (lane 3) and M3 (lane 4) by SDS–PAGE analysis of whole cell extracts.



that comparisons of activities reported for SAL and SHL with those obtained in this work are difficult because of the different substrates and assay conditions used. First round of random mutagenesis of BTL2 Both the homology with SHL (Figure 1) and the low phospholipase activity of BTL2 suggested that BTL2 could be evolved into an efficient phospholipase. A PCR-based random mutagenesis of BTL2 was performed and the resulting library was transformed into E.coli and plated on egg-yolk LB plates. The temperature inducible promoter of pT-BTL2 allowed us to incubate the plates at 37°C where BTL2 is expressed at only a low rate and thus the produced phospholipolytic activity is insufficient for clearing zone formation on the egg-yolk plates. A small portion of the library was also plated on tributyrin LB plates (approximately 1000 transformants) and incubated at 37°C to check in the library the fraction of inactivated variants exhibiting no lipolytic activity. Approximately 10–20% of the screened clones produced no lipolytic clearing zones, which was considered an acceptable inactivation rate. Among the 6000 clones screened for phospholipase activity on egg-yolk plates, we identified three clones (M1, M2 and M3), which produced clearing zones under screening conditions. Mutant and wild-type lipase genes were then expressed in E.coli and the expression rates were checked by SDS gel scanning densitometry. All four lipase genes were produced with comparable expression levels of approximately 5% of the total protein (Figure 2). Therefore, clearing zone formation on egg-yolk plates was not caused by increased expression of the mutant lipases compared to the wild-type lipase. Sequence analysis of BTL2 variants Sequence analysis revealed only a single amino acid substitution in M1 (L184P) but multiple amino acid substitution in M2 (H15P, K103R, N173S) and M3 (E133D, D183G, S221P, K229N, K444R). The surprising high mutation rate found in these variants, which is not reflected by a high inactivation rate within the library (as determined on tributyrin plates), may indicate a high tolerance of lipase BTL2 towards amino acid substitutions. Indeed, sequence analysis of 10 randomly selected clones of the library exhibiting wild-type lipase activity showed that five out of 10 analyzed clones contained one or two amino acid substitutions in addition to silent mutations distributed over the entire sequence. Four clones contained no mutations, one clone two silent mutations and as 924



commonly observed with error-prone PCR, transition-type nucleotide exchanges (80%) dominated. A high tolerance towards amino acid replacements has also been reported for SHL (Van Kampen et al., 1999). The locations of the mutations in the sequence of BTL2 are given in Figure 1 along with an alignment of BTL2 with SAL and SHL. In addition, predictions of secondary structure elements, including the corresponding α-helices and β-strands identified in the structure of the Pseudomonas glumae lipase (PGL) (Noble et al., 1993), are shown as suggested by Simons et al. (Simons et al., 1998b, 1999). Clearly, BTL2 shares a much higher homology with the staphylococcal lipases (30– 35% homology) than with PGL (15% homology). However, the regions surrounding the active site residues are well conserved among the aligned lipases and the predicted α/βhydrolase fold of BTL2 and the staphylococcal lipases is comparable to that of PGL. A considerable homology exists between the N-terminal parts of the lipases. Most of the identified amino acid substitutions in the three BTL2 mutants are located in just this region. A single disruptive amino acid substitution of Leu184 with Pro was found in M1, which occurred in the predicted helix α4 preceding the putative lid region (helix α5) that covers the active site of lipases. Helix α4, together with helices α5, α6, α8, α9 and two antiparallel β-sheets (β3 and β4) form the substrate-binding domain of PGL and an identical lipase from Chromobacterium viscosum (CVL) (Noble et al. 1993; Lang et al., 1996). In M2, a conservative mutation (N173S) is located adjacent to helix α4 in a less conserved region. The other two mutations identified in M2 are also found in conserved regions. Of particular interest is the disruptive substitution of His15 with Pro in the highly conserved oxy anion hole motif HGF (HGL in PGL) among hydrolases (Jaeger et al., 1993). These residues together with other residues [Arg61, Ser50, Ser54, Asp55 and Thr92 in PGL (Noble et al., 1993; Lang et al., 1996) corresponding to Arg62 Ala52 Ser56 Ser57 Thr118 in BTL2 (Simons et al., 1998b)] form a hydrogen-bonding network that stabilizes the tetrahedral oxy-anion intermediate of the substrate. Most of the five substitutions in M3 are conservative replacements, with the exception of the replacements D183G and S221P. Mutation D183G is like substitution L184P in M2 located in helix α4, while mutations S221P and K229N affect the putative lid-region of lipase BTL2. Recently, studies have been carried out to identify the regions and therein located specific residues responsible for the high phospholipase activity of SHL in comparison to SAL (Simons et al., 1998b; Van Kampen et al., 1998a,b, 1999). In vivo chimeragenesis of these two lipases could identify three regions (residues 252–272, 273–354 and 355–396) in the C-terminal part of SHL as important for the phospholipase activity (Van Kampen et al., 1998b). By subsequent sitedirected mutagenesis residues 293–300, with K298 as the major determinant, were found to interact with the phospholipid substrate (Van Kampen et al., 1999). In yet another study, Verheij’s group showed that replacement of Ser356 with Val strongly decreased the phospholipase activity of SHL (Van Kampen et al., 1998b). Replacement of four hydrophobic residues in SAL with corresponding polar residues of SHL (see Figure 1) increased phospholipase activity 23-fold (1 U/mg rac-1,2-dihexanoyldithiopropyl-3-phosphocholine) but also decreased lipase activity more than 3-fold (39 U/mg
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Fig. 3. Acyl chain length selectivities of wild-type B.thermocatenulatus lipase (WT) and mutant lipase M1, M2 and M3 towards different fatty acid methyl esters. Hydrolysis was carried out in a pH-stat at 50°C and pH 7.5.



p-nitrophenyl butyrate), resulting in a phospholipase/lipase ratio of 0.26 comparable to that of wild-type BTL2 (Van Kampen et al., 1999). The C-terminal part (residues 170–390) of this engineered SAL was subjected to several rounds of random mutagenesis and DNA-shuffling, resulting in a best variant with five amino acid exchanges (Van Kampen et al., 2000). However, none of the amino acid substitutions in the three BTL variants, except for a conservative replacement K444R in M3, is located in any of the identified regions responsible for the phospholipase activity of SHL. In fact, the amino acid substitutions are located in the N-terminal part of BTL2 with regions surrounding helix α4 and the lid as hotspots. Interestingly, two mutations of the evolved best SHL variant, though, are also found in this hotspot region and one of them (V196E) aligns exactly to the single amino acid exchange (L184P) in M1. Enzyme activities of lipase variants Specific activities and ratios of hydrolytic activities of the variants M1, M2 and M3 were calculated and compared to BTL2 (Table I). All three variants were 10–12-fold more active towards lecithin than BTL2. Both M1 and M3 displayed also 1.5–2.6-fold higher lipase activities than BTL2 resulting in 5–8-fold increased phospholipase/lipase ratios. The tributyrin activity of mutant M2, on the other hand, is not increased compared to BTL2 and thus exhibits the highest lecithin/tributyrin ratio of 0.36. Interestingly, all three mutants are more active towards triolein than the wild-type enzyme and, in contrast to BTL2, showed activity in the egg-yolk pH-stat assay although the activities were 2.5–3.5-fold lower than with lecithin (data not shown). Directed evolution of the engineered SAL resulted in comparable increases of absolute phospholipase activity (11.6-fold) and phospholipase/lipase ratio (11.5-fold from 0.026 to approximately 0.30). However, several rounds of mutagenesis and recombination were required to obtain this variant. The central region of SHL (G180–R253) contributes mainly to the hydrolysis of long acyl chains (Van Kampen et al., 1998b, 1999). Because most amino acid exchanges of M1, M2 and M3 are located in exact this region (Figure 1), the observed increase in phospholipolytic activity may therefore reflect an increase in activity towards the long-chain fatty acid phosphatidylcholines that compose lecithin. To test this, activities of mutants and BTL2 towards different fatty acid methyl esters were determined (Figure 3). However, none of



the mutants showed an increased activity towards longer acyl chains. In fact, both wild-type and mutant lipases showed a strong preference for the short-chain caprylic acid methyl ester (C8). BTL2 hydrolyzed medium acyl chain methyl esters (C10–C16) at a rate between 35 and 65% of that of caprylic acid methyl ester and long-chain methyl esters (C18–C20) were the poorest substrates for BTL2 (10–20% of the activity with C8). Earlier measurements of acyl chain length selectivity of BTL2 with triacylglycerols showed a similar preference for short- and medium-chain triglycerols, with the highest activity for tributyrin (C4) (Schmidt-Dannert et al., 1997). Therefore, the acyl chain length selectivity of BTL2 lies in between the short-chain selective SAL and the low chain length selective SHL (Simons et al., 1996). While the activities of all mutants towards C10 were comparable to BTL2, hydrolyzed M1 and M3 medium acyl chain substrates (C12–C16) at a slower rate than BTL2 and M3 showed reduced activity towards longchain substrates as well. However, the acyl chain length selectivity of mutant M2 was comparable to BTL2. Reversion and recombination of amino acid changes in evolved BTL2 variants To pinpoint the amino acid exchanges responsible for the increased phospholipase activities in the three variants we reversed individual mutations and determined the lipase and phospholipase activities of the resulting revertants (Table I). Because M1 contains only a single disruptive amino acid exchange (L184P) in a region that aligns to helix α4 of PGL, which is part of the substrate-binding domain, it is clear that this mutation accounts for the increased phospholipase activity. The most drastic amino acid exchange H15P in M2 is located in the highly conserved HGF/L motif of the oxy-anion hole. When we reversed this mutation, the lipase/phospholipase ratio dropped back to wild-type BTL2 level while the lipase activity significantly increased approximately 3.5-fold. Because revertant M2-P15H displayed a 2.9-fold higher tributyrin and 6.4-fold higher triolein activity than BTL2, one or a combination of the two other amino acid exchanges in M2-P15H must increase lipase activity of BTL2. Three of the five amino acid exchanges in mutant M3 (G183D, P221S and N229K), which are located in an important region that contains the predicted helix α4 and the lid, were individually reversed. The other two amino acid exchanges, E133D and K444R, in M3 are conservative exchanges and most likely have little influence on the enzyme activity. The three resulting revertants M3-D183G, M3-S221P and M3K229N all displayed 1.3–2-fold higher tributyrin activity. However, the lecithin activity of M3-D183G and M3-S221P also increased and the lecithin/tributyrin ratios are thus not changed compared to M3. Only revertant M3-K229N showed a 25% lower lecithin/tributyrin ratio than M3. Interestingly, the triolein/tributyrin ratio increased approximately 1.5-fold in M3-D183G, M3-S221P and decreased to about the same number in M3-K229N. These findings suggest that most likely none of the three mutations alone is responsible for the increased phospholipase activity in M3, but all of them may have a significant influence on the lipase activity and in particular, on the activity towards triolein. Based on our observation that mutation H15P contributes to the phospholipase activity of M2, we wondered whether the introduction of this mutation in M1, which contains only a single amino acid exchange, would make M2 an even more efficient phospholipase. Indeed, the combination of the two 925
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Fig. 4. Acyl chain length selectivities of recombinant M1-H15P towards different fatty acid methyl esters. Hydrolysis was carried out in a pH-stat at 50°C and pH 7.5.



mutations increased the lecithin activity approximately 25%, while the tributyrin activity was unchanged. However, the triolein activity increased also, resulting in a 31% decrease of the lecithin/triolein ratio. The increased triolein activity of M1-H15P is the result of a higher activity towards long acyl chain substrates (Figure 4). For example, the activity of M1-H15P towards C20 and unsaturated C18 methyl ester, respectively, has quadrupled and doubled. Substitution of Leu353 with Ser Van Kampen et al. searched for neutral hydrogen donors and basic residues in SHL that could interact with the phosphate head group of phospholipid substrates (Van Kampen et al., 1998a). By comparative sequence analysis of SHL and other staphylococcal lipases, which do not hydrolyze phospholipids with significant rates, they could identify several residues located in the C-terminal region as unique in SHL. Replacement of Ser356 in SHL with a Val residue found in other staphylococcal lipases drastically decreased the phospholipase activity of SHL while retaining its lipase activity. However, the exchange of Val356 with Ser in SAL did not increase phospholipase activity but increased lipase activity instead. The authors concluded that more than one interaction is needed for phospholipase activity. In BTL2 a Leu residue follows the active site His as in PGL (Figure 1). Because the evolved BTL2 variants exhibit already good phospholipase activities, residues required for the interaction with the phospholipid substrate must therefore be in place. Hence, it was conceivable that replacement of Leu353 with Ser may further increase phospholipase activity. The introduction of the Leu353Ser mutation in BTL2 and the three mutants increased both lipase and phospholipase activities 1.2–4-fold (Table I). However, the phospholipase/ lipase ratio of BTL2-L353S was unaffected as has been reported for the corresponding SAL mutant. The phospholipase/ lipase ratios of the mutants, on the other hand, increased. M1L353S and M3-L353S showed a 12–18% higher lecithin/ tributyrin ratio, while the lecithin/tributyrin ratio of M2-L353S increased from 0.36 to 0.52, representing a total 17-fold increase over wild-type BTL2. Because replacement of Leu353 with Ser increased triolein activity more than tributyrin activity causing a 1.3–1.5-fold increased triolein/tributyrin ratio, this suggested that the chain length selectivity of the Leu353Ser mutants is changed. Therefore, the acyl chain length specificity of the L353S mutants towards different fatty acid methyl esters was subsequently investigated (Figure 5). With the exception of M1-L353S, where only the activities with C16 and unsaturated C18 acyl 926



Fig. 5. Acyl chain length selectivities of wild-type B.thermocatenulatus lipase (BTL2) and mutant lipase M1-L353S, M2-L353S and M3-L353S containing a L353S substitution towards different fatty acid methyl esters. Hydrolysis was carried out in a pH-stat at 50°C and pH 7.5.



chains are increased, all L353S mutants showed increased activity towards long-chain acyl substrates (C16–C20). A remarkable increase of long acyl chain substrate selectivity [ranging from 1.5-fold (C18) to 4-fold (C20)] is observed with mutant M2-L353S, which displays the highest lecithin/ tributyrin ratio obtained in this work. Positional specificity of BTL2 variants Previously, we showed that BTL2 cleaves all ester bonds of triolein but with a somewhat lower activity towards the sn-2 acyl ester bond (Ru´ a et al., 1997). Therefore, hydrolysis of both the sn-1 and sn-2 acyl ester bonds of phospholipids by BTL2 and the evolved mutants is possible. However, GC analysis of the released fatty acids from the mixed phospholipid substrate 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (L-α-phosphatidylcholine, β-oleol, γ-palmitoyl) by variants M1, M2, M3, their respective L353S mutants and M1-H15P only detected palmitic acid due to sn-1 regiopecific hydrolysis (phospholipase A1 activity). However, the phospholipase activity of BTL2 was too low to monitor any liberation of fatty acids from 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine under the assay conditions used. Lipases with low phospholipase activities like the fungal lipases from Rhizopus species (D’Arrigo and Servi, 1997; Schmid and Verger, 1998) as well as the guinea pig (phospho)lipase (Hjorth et al., 1993) all exhibit phospholipase A1 activity as the evolved BTL2 variants. Presently, known microbial or venom α/β-hydrolase type phospholipases are either sn-1 specific (Withers-Martinez et al., 1996; Song et al., 1999; Watanabe et al., 1999) or unspecific (phospholipase B) (Oishi et al., 1999), while mammalian α/β-hydrolase-type phospholipases are sn-2 specific (Six and Dennis, 2000). The regiospecificity of SHL towards phospholipids has not been described. Second generation random library of first generation variants The three variants were subjected to an additional round of random mutagenesis and screening to further increase phospholipase activity. Because the three mutants formed clear zones on egg-yolk plates but not on lecithin plates at 37°C, libraries of randomly mutated variants M1, M2 or M3 expressed in E.coli were screened on lecithin plates after 18 h incubation at 37°C. However, clear zones on lecithin plates developed
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around E.coli cells over-expressing M1, M2 and M3 at 42°C (full induction). Screening of 7000 transformants obtained after random mutagenesis of M1 yielded only false positive clones with no new additional mutations. Subcloning of those genes into a new vector backbone eliminated clearing zone formation at 37°C, indicating that mutations in the vector sequence possibly increased expression rates. One clearing zone producing clone was obtained after screening a library of 12 000 transformants created by random mutagenesis of M2. However, the lecithin/tributyrin ratio was similar to M2. Subsequent sequence analysis revealed five silent nucleotide exchanges (one g→a and four c→t transitions), which accounted for a 5-fold increased expression rate compared to wild-type BTL-2 and M2 as determined by SDS– PAGE analysis (data not shown). Random mutagenesis of M3 and screening of 32 000 transformants identified two positive clones M3.1 and M3.2. Sequence analysis revealed three amino acid exchanges H141R, S202G and L383G in mutant M3.1. Interestingly, H141 and L383 are conserved amino acids among BTL-2 and Staphylococcus lipases and mutation S202G is located in the putative hinge region of the predicted lid. A single amino acid exchange G152E, adjacent to mutation H141R of M3.1, occurred in M3.2. Surprisingly, the activities of both variants towards tributyrin and lecithin were similar to the parent M3, but the triolein activities of both mutants were approximately 3-fold lower (Table I). It appears that the mutations in M3.1 and M3.2 increased activity at the particular lecithin substrate interface present in the agar plates while the interaction of the mutant lipases with the lecithin interface in the substrate solution is not affected. But without structural information no predictions as to the possible role of the identified mutations can be made. Although two of the mutations of M3.1 (S202G and L383G) are possibly located in the substrate-binding domain of BTL2 predicted by sequence alignment with PGL, one mutation and the single mutation in M3.1 are most likely located far away from regions that directly interact with the substrate (between helix α3 and strand α4 of PGL) (Figure 1). Calcium dependency of lipase and phospholipase activity Simons et al. recently reported the identification of a calciumbinding site in SHL (Simons et al., 1999). Their results showed that the bound calcium ion plays an important role in the structural stabilization of SHL, which became apparent during activity measurements (mixed micelles of tributyrin with Triton X-100) at elevated temperatures. The same authors reported that BTL2 too displays a 3-fold higher activity in the presence of calcium. Their findings prompted us to investigate the calcium dependency of variants M1, M2, M3 and wild-type BTL2, because we never observed a strong calcium dependency of BTL2 activity using our assay conditions (mixed micelles of tributyrin with taurocholate) earlier. After adding 10 mM CaCl2 to the tributyrin substrate emulsion, we measured a slight activity increase of 20% from 109.5 to 132.4 U/mg for BTL2, while the activity of the variants was not increased. However, variants and BTL2 show no or only very little activity towards triolein and lecithin in the absence of calcium ions (data not shown). Maximal initial lipase activities in the pH-stat assay with lecithin and triolein were obtained in the presence of 10 mM CaCl2 (Table I). However, the lecithin hydrolysis rate in the pH-stat rapidly decreased after 1–5 min. Addition of 25 mM CaCl2 to the lecithin substrate solution



kept the initial activity constant for more than 20 min. A similar decrease of hydrolysis rate after 5–10 min incubation was observed with triolein as substrate. We noted that the decrease of hydrolysis rate was directly proportional to the amount of liberated fatty acids in the assay solution, suggesting that the long-chain fatty acids inhibit the lipase. To test this, we measured the activity of BTL2 before and after addition of 10 mM oleic acid to the tributyrin assay solution containing no CaCl2. Indeed, addition of oleic acid decreased the activity of BTL2 3.6-fold (30.8 U/mg) while subsequent addition of 10 mM CaCl2 to the assay solution restored lipase activity (95.8 U/mg). The inhibition of lipases by long-chain fatty acids has been reported in one of the earliest studies on pancreatic lipases carried out by Benzonana and Desnuelle (Benzonana and Desnuelle, 1968). Ever since, the activation of lipases by calcium has mainly been related to the prevention of fatty acid inhibition (Brockerhoff and Jensen, 1974). We assume that the strong calcium dependency of BTL2 described by Simons et al. (Simons et al., 1999) is caused by the use of Triton X-100 in the assay solution, which is an inhibitor of BTL-2 (unpublished results). The structure of Triton X-100 is not unlike that of long-chain fatty acids and hence, possibly inhibits BTL2 as well as interacts with calcium in a similar fashion. A recently cloned lipase from Bacillus stearothermophilus, exhibiting ⬎95% sequence identity with BTL2, is structurally stabilized by calcium ions at temperatures above 58°C (Kim et al., 2000). Lipase BTL2 most likely is also stabilized by calcium at higher temperatures, which may explain the observed 20% increase of tributyrin activity of BTL2 in the presence of calcium. The variants, which are not activated by calcium (tributyrin activity), either do not bind calcium any longer or are more stable in the absence of calcium. Conclusions In the absence of X-ray crystallographic information and insufficient homology to other lipases, including staphylococcal lipases, for rational engineering approaches, in vitro evolution of BTL2 proved to be a highly efficient strategy for the rapid creation of variants with enhanced phospholipase activities in a single round of mutagenesis. The combination of a temperature controlled promoter for lipase expression and egg-yolk plates allowed rapid screening of large libraries for variants with significantly higher phospholipase activities, without requiring cumbersome rescreening of variants in a 96-well microtiter plate format. Although we generated libraries of 6–12⫻103 variants, for an exhaustive screen of single-amino acid substitution variants, our plate-screening method will allow us to rapidly screen libraries with up to 105 members for the discovery of additional variants containing multiple amino acid substitutions that confer different solutions for phospholipase activity. We randomly mutagenized the entire BTL2 gene as opposed to the directed evolution of SHL by Van Kampen et al. (Van Kampen et al., 2000), because we anticipated different solutions for increased phospholipase activity that most likely could not have been predicted. In fact, the amino acid exchanges of the variants were predominantly in regions of the N-terminal part surrounding the putative helix α4 and the lid of BTL2. Moreover, two of the mutations likely to be responsible for phospholipase activity each introduced a Pro residue into regions involved in substrate binding (oxy-anion hole, putative helix α4), possibly leading to significant structural changes 927
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required for efficient interaction with the phospholipid substrate and/or interface. The observed different activities of BTL2 and variants with phospholipid substrates (egg yolk and lecithin) in liquid emulsion and solid emulsions (agar plates) hint also in the direction of altered interfacial interaction. A second round of mutagenesis and screening on lecithin plates did not result in variants with further increased activity towards lecithin (liquid substrate emulsion). To our surprise, we obtained variants with reduced activities towards triolein instead showing the importance of screening for directed evolution strategies. Finally, rational engineering of the best variant from the first round of mutagenesis by replacement of Leu353 with Ser found to interact with the phospholipid substrate in SHL created an efficient (phospho)lipase with comparable lipase activity to BTL2 but with a phospholipase/lipase ratio of 0.52 and increased activity towards long-chain acyl substrates. Acknowledgements We are grateful to Professor R.D.Schmid (Institute for Technical Biochemistry, Stuttgart, Germany) for encouragement and support of this work.
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