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1 LƴǘǊƻŘǳŎǘƛƻƴ 

1.1 /ŀǊōƻȄȅƭŜǎǘŜǊŀǎŜǎ ŀƴŘ ƭƛǇŀǎŜǎ 

Carboxylesterases (BRENDA category EC 3.1.1.1) and lipases (EC 3.1.1.3), also known as triacyl-

glycerol acylhydrolases, belong to the enzyme class of hydrolases (EC 3) that cleave organic 

bonds reversibly under consumption of water. These lipolytic enzymes catalyze the cleavage of 

ester bonds by the addition of water into fatty acids and glycerol or another alcoholic residue 

in an equilibrium (Figure 1). In organic solvents, when no or only a low amount of water is pre-

sent, they are able to catalyze the reverse esterification reaction or a transesterification, 

where a carbonyl residue of an ester is exchanged against another carbonyl group of an alco-

hol. Generally, the two groups of lipolytic enzymes can be distinguished by the difference that 

esterases act preferably on short-chain acylglycerols (Җ 10 C-ŀǘƻƳǎύ ŀƴŘ άǘǊǳŜέ ƭƛǇŀǎŜǎ ŀŎǘ ƻƴ 

long-chain acylglycerols (җ 10 C-atoms) that are less water-soluble. Besides, most lipases show 

increased activity at interfaces between water and lipids, i. e. on emulsions, which is due to 

their molecular structure (Sarda and Desnuelle 1958; Verger 1997).  

 

Figure 1. Hydrolysis reaction of lipases exemplary shown on triacylglycerols. The arrows indicate the 

ester bonds that are being cleaved. 

1.1.1 Structure, catalytic mechanisms and secretion of lipolytic enzymes  

All hydrolases share a common /h  ̡hydrolase fold pattern in their enzyme structure (Ollis et 

al. 1992). It consists of a central ̡ sheet composed of usually eight strands (Figure 2). Although 

many variations among lipases occur, the second  ̡strand (̡ 2) is usually antiparallel to the 

other strands and ̡3 to 8̡ are connected with each other by five h-helices (Jaeger et al. 1999). 

The active site of serine h/  ̡hydrolases consists of a catalytic triad which is constituted by a 

nucleophilic serine residue, an acidic residue (aspartic acid or glutamic acid) and a histidine 

(Figure 2). 
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Figure 2. The canonical fold of h/ -̡hydrolases usually consists of six  hhelices (h A- Fh) and eight ̡ -sheets 

( 1̡- 8̡). The active site residues are indicated as black dots. Nu: nucleophile residue (serine), Ac: acidic 

residue (aspartic acid or glutamic acid) and His: histidine (Jaeger et al. 1999). 

 

Within lipases, the serine residue usually is embedded in a highly conserved Gly-X-Ser-X-Gly 

(G-X-S-X-G) motif (Ollis et al. 1992). It is located at the so-called nucleophilic elbow where the 

ŎŀǘŀƭȅǘƛŎ ƳŜŎƘŀƴƛǎƳ ƻŦ ŜǎǘŜǊ ƘȅŘǊƻƭȅǎƛǎ ƛǎ ƛƴƛǘƛŀǘŜŘ ōȅ ŀ άƴǳŎƭŜƻǇƘƛƭƛŎ ŀǘǘŀŎƪέΦ ¢ƘŜ ƻȄȅƎŜƴ ŀǘƻƳ 

of the serine hydroxyl group interacts with the activated carbonyl group of the lipid´s ester 

bond (Jaeger et al. 1999). A transient tetrahedral intermediate with this carbonyl carbon in its 

center is formed. It is stabilized, amongst others, by hydrogen bonds to amide groups that 

ōŜƭƻƴƎ ǘƻ ǘƘŜ ŜƴȊȅƳŜΩǎ ƴŜƎŀǘƛǾŜƭȅ ŎƘŀǊƎŜŘ ŎŀǊōƻƴȅƭ ƻȄȅƎŜƴ ŀǘƻƳ ŀƴŘ bI ƎǊƻǳǇǎ ǘƘŀǘ ŦƻǊƳ ǘƘŜ 

ǎƻ ŎŀƭƭŜŘ άƻȄȅŀƴƛƻƴ ƘƻƭŜέΦ ¢ƘŜ ƭƛǇŀǎŜȰǎ ƘƛǎǘƛŘƛƴŜ ǊŜǎƛŘǳŜ ŀŎǘǎ ŎŀǘŀƭȅǘƛŎ ōŜŎŀǳǎŜ ŀ ǇǊƻǘƻƴ ŦǊƻƳ 

the catalytic serine is transferred to it. This process is supported by the catalytic acid-residue of 

the enzyme. After protons have been translocated, a covalent intermediate is formed and the 

acidic residue of the substrate is esterified to the nucleophilic serine. The alcohol component 

then is released and subsequently, a deacylation step follows, in which a water molecule, acti-

vated by the catalytic histidine to a hydroxide ion, is used to hydrolyze the serine-acyl complex. 

Through this hydrolysis reaction, the enzyme and a free fatty acid are released (Jaeger et al. 

1999). In organic solvents, the reverse esterification reaction is favored and the acyl-enzyme 

complex reacts with an alcoholic residue resulting in the formation of an ester bond (Laumen 

et al. 1988). As mentioned above, many lipases (in contrast to carboxylesterases) show in-

creased activity at interfaces between water and lipid. This effect is presumably linked to a 

structural feature of many, though not all, lipases, the so-ŎŀƭƭŜŘ άƭƛŘέ ǿƘƛŎƘ ƛǎ ŦƻǊƳŜŘ ōȅ ŀ ƭƻƻǇ 

or one or two helices that cover the active site in the presence of hydrophilic substances 

(Jaeger et al. 1999). In presence of hydrophobic substrates, the lid opens up and by this con-

formational change access to the hydrophobic surface of the active site is provided (Nardini et 
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al. 2000). The shape of the active site´s groove is related to the kinds of substrates that the 

lipolytic enzymes are able to convert (Pleiss et al. 1998). 

As most lipases are extracellular enzymes, they have to be secreted through the cell mem-

brane. Many lipases of Gram-negative and Gram-positive bacteria possess a secretional signal 

sequence at the N-terminus that mediates transportation through the inner membrane with 

the Sec-translocase system (Jaeger et al. 1999; Rosenau and Jaeger 2000). In the periplasm of 

Gram-negative bacteria, lipases are processed to an enzymatically active form before they are 

translocated by the type II secretion pathway. Lipases that do not contain a secretion signal 

sequence can be transported with the type I secretion system (ABC-transporters). 

1.1.2 Classification of bacterial and archaeal carboxylesterases and lipases 

Esterases and lipases have been classified by Arpigny and Jaeger into eight families according 

to amino acid sequence homologies and physiological functions (Arpigny and Jaeger 1999). 

RŜŎŜƴǘƭȅΣ ǘƘŜ ŎƭŀǎǎƛŦƛŎŀǘƛƻƴ ƻŦ ǘƘŜ άǘǊǳŜέ ƭƛǇŀǎŜǎ ƻŦ ŦŀƳƛƭȅ L ǿŀǎ ŜȄǘŜƴŘŜŘ ǿƛǘƘ ŦŀƳƛƭȅ LΦт ŀƴŘ LΦу 

by Hausmann and Jäger (Hausmann and Jaeger 2010). Table 1 presents the key-features of the 

different groups. The vast number of bacterial but only few archaeal lipolytic enzymes can be 

accessed with online databases like BRENDA (http://www.brenda-enzymes.info/), the Lipase 

Engineering Database (LED, http://www.led.uni-stuttgart.de), the Microbial Esterase and Li-

pase Database (MELDB, http://www.gem.re.kr/meldb) and the ESTHER database 

(http://bioweb.ensam.inra.fr/esther). They provide information about lipase classifications 

and recent functional and biochemical studies. Nevertheless, the number and structural diver-

sity of lipolytic enzymes is so high, that some cannot be grouped in any of these existing fami-

lies.  

Table 1. Classification of lipases and carboxylesterases into eight major families based on sequence 

similarities and physiological functions (Arpigny and Jaeger 1999; Hausmann and Jaeger 2010). 

Fam. Characteristics ~Size 

(kDa) 

Example (NCBI acc. 

no.) 

I.1
1) 

Mostly from Gram-negative bacteria. Secreted by type II 

pathway. N-ǘŜǊƳƛƴŀƭ ǎŜŎǊŜǘƛƻƴ ǎƛƎƴŀƭΦ ά[ƛŦέ ǇǊƻǘŜƛƴǎΦ ¢ǿƻ Ŏŀǘa-

lytic Asp residues. Cys residues for disulfide bridges. Ca
2+

 de-

pendent.  

30-32 P. aeruginosa li-

pase (P26876) 

I.2
1) 

Mostly from Gram-negative bacteria. Secreted by type II 

pathway. N-ǘŜǊƳƛƴŀƭ ǎŜŎǊŜǘƛƻƴ ǎƛƎƴŀƭΦ ά[ƛŦέ ǇǊƻǘŜƛƴǎΦ ¢ǿƻ Ŏŀǘa-

lytic Asp residues. Cys residues for disulfide bridges. Two addi-

tional antiparallel beta-strands. Ca
2+

 dependent.  

32-37 B. glumae lipase 

(Q05489) 

I.3 Secreted by type I pathway. Ca
2+

 dependent. C-terminal secre-

tion signal and glycine-rich repeats that mediate Ca
2+

. 

50-65 P. fluorescens PfO1 

lipase (Q3KCS9) 

http://www.led.uni-stuttgart.de/
http://www.gem.re.kr/meldb
http://bioweb.ensam.inra.fr/esther
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Fam. Characteristics ~Size 

(kDa) 

Example (NCBI acc. 

no.) 

I.4 Mostly from Gram-positive Bacilli. Conserved penta peptide 

sequence modified to Ala-X-Ser-X-Gly. Optimal pH between 

10.0 and 11.5. Ca
2+

 independent. 

20 B. subtilis lipase 

(P37957) 

I.5 Mostly from Gram-positive bacteria. Optimal pH between 7.5 

and 9.5. Some have zinc-binding site. 

46 B. thermo-

catenulatus lipase 

(Q59260) 

I.6 Mostly from Staphylococcus spp. N-terminal secretion signal 

(approx. 200 aa). Some are Ca
2+

 independent. Often virulence 

factor. 

Preprot. 

75; 

mature 

46 

Staphylococcus 

hyicus lipase 

(P04635) 

I.7 Significant similarity of aa 50-150 to members of family I.2. 

Acting on short (C2) and long (C16) fatty acid residues. Sup-

posed to act as virulence factors. 

29-37 Streptomyces cin-

namoneus lipase 

(O33969) 

I.8 No lid structure, Ca
2+

 independent. Consensus motif Leu-Gly-

Gly-(Phe/Leu/Tyr)-Ser-Thr-Gly surrounding catalytic serine. 

51 Pseudoalteromonas 

haloplanktis lipase 

(Q3IF07) 

II GDSL: Gly-Asp-Ser-(Leu) motif near the N-terminus. Some-

times C-terminal domain that acts as autotransporter through 

outer membrane. 

21-70 B. thuringensis 

lipase (Q3EV80) 

III Typical catalytic triad. Extracellular enzymes. Similarity to in-

tracellular and plasma monomeric isoforms of human platelet 

activating-factor acetylhydrolase (PAF-AH). 

29-35 Streptomyces exfo-

liatus lipase 

(Q56008) 

IV High similarity to mammalian hormone-sensitive lipases (HSL). 

Three conserved motif blocks, block III with His-Gly-Gly-Gly 

consensus sequence. 

33-40 Archaeoglobus 

fulgidus lipase 

(O28558)  

V Typical catalytic triad. Significant aa similarity to various bacte-

rial non-lipolytic h /  ̡hydrolases. Originate from different bac-

terial genera. Three conserved motif blocks. Ser in block II, Asp 

and His in block III. 

27-35 Psychrobacter 

immobilis lipase 

(Q02104) 

VI Typical catalytic triad. Mostly act on small substrates. Approx. 

40% sequence similarity to eukaryotic lysophospholipases. 

Three conserved blocks. 

23-26 Xanthomonas 

campestris ester-

ase (Q3BXV6) 

VII Aa similarity to eukaryotic acetylcholine esterase and intes-

tine/liver carboxylases. Four conserved motif blocks. Mostly 

active on short fatty acid chains. 

55 Arthrobacter ox-

ydans esterase 

(Q01470) 

VIII /ƭŀǎǎ / ʲ-lactamase-like fold. Ser-X-X-Lys motif at the N-

terminus. 

39-43 Arthrobacter globi-

formis esterase 

(Q44050) 

1)
 Members of family I.1 and I.2 are processed into an active form by special chaperones, the so called 

ά[ƛŦέ ǇǊƻǘŜƛƴǎ όƭƛǇŀǎŜ-specific foldases). Normally, genes encoding these proteins are located in an oper-

on together with the respective lipase (Rosenau et al. 2004). 
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1.1.3 Physiological functions of bacterial lipases and esterases 

As intracellular or secreted enzymes, lipases and esterases appear in all organisms. Generally, 

the enzymes contribute to the growth of the host cell by hydrolyzing acyl glycerols. In this way, 

lipases provide the host metabolism with carbon sources and modify these in various ways. 

But there are also a lot of other functions that these enzymes fulfill and some are given in Fig-

ure 3. Spreading of bacterial populations can be supported, because new ecological niches can 

be colonized when lipases and esterases pave the way. As an example, many pathogenic bac-

teria produce lipases that act as virulence factors because they affect the host tissue like for 

example the plant pathogen Xanthomonas campestris (Tamir-Ariel et al. 2011) similar to path-

ogenic fungi that produce lipases for lipid turnover within the host cell and for plant infection 

(Nguyen et al. 2011). Lipase production is sometimes regulated by quorum-sensing like e. g. in 

the pathogens Pseudomonas aeruginosa, Burkholderia cepacia and Burkholderia glumae 

(McKenney et al. 1995; Devescovi et al. 2007).  

 

 

 

Figure 3. Possible physiological functions of carboxylesterases and lipases (Hausmann and Jaeger 2010). 
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1.2 LƴŘǳǎǘǊƛŀƭ ōƛƻǘŜŎƘƴƻƭƻƎȅ 

¢ƘŜ ŦƛŜƭŘ ƻŦ ōƛƻǘŜŎƘƴƻƭƻƎȅ Ŏŀƴ ōŜ ŘƛǾƛŘŜŘ ƛƴǘƻ ǘƘǊŜŜ ŘƛŦŦŜǊŜƴǘ ōǊŀƴŎƘŜǎΦ ²ƘƛƭŜ ǘƘŜ ǘŜǊƳ άƎǊŜŜƴ 

ōƛƻǘŜŎƘƴƻƭƻƎȅέ ǊŜŦŜǊǎ ǘƻ ŀƎǊƛŎǳƭǘǳǊŀƭ ŀǇǇƭƛŎŀǘƛƻƴǎ ŀƴŘ άǊŜŘ ōƛƻǘŜŎƘƴƻƭƻƎȅέ ǘƻ ƳŜŘƛŎŀƭ ǘŀǎƪǎΣ 

άǿƘƛǘŜέ ƻǊ ƛƴŘǳǎǘǊƛŀƭ ōƛƻǘŜŎƘƴƻƭƻƎȅ ƛǎ ŘƛǎǘƛƴƎǳƛǎƘŜŘ ōȅ ǘƘŜ ǳǎŜ ƻŦ ƭƛǾƛƴƎ ƻǊƎŀƴƛǎƳǎ ƻǊ ǇŀǊǘǎ ƻŦ 

them and especially their enzymatic products for industrial processes (Frazzetto 2003). In to-

day´s industrial biotechnology, enzymes of microorganisms are used in a lot of different fields 

of industry, for example for the production of pharmaceuticals and cosmetics or in textile and 

food manufacturing (Kirk et al. 2002). The advantages biotechnological methods bring are 

enormous. Costs can be reduced by saving energy, resources and investments and production 

processes can be created simpler and environmentally friendly by avoiding hazardous sub-

ǎǘŀƴŎŜǎ όƛΦ ŜΦ άƎǊŜŜƴ ŎƘŜƳƛǎǘǊȅέύΦ CǳǊǘƘŜǊƳƻǊŜΣ ƛƴŘŜǇŜƴŘŜƴŎȅ ŦǊƻƳ Ŧƻǎǎƛƭ ŦǳŜƭǎ ŎƻǳƭŘ ōŜ 

achieved through sustainable chemistry in which renewable resources from plants (sugars, 

vegetable oils) can be converted into fine and bulk chemicals as well as biofuels (bioethanol 

and biodiesel). Additionally, biocatalysts are becoming more and more important for the pro-

ŘǳŎǘƛƻƴ ƻŦ ōƛƻŘŜƎǊŀŘŀōƭŜ ǇƭŀǎǘƛŎ ƳŀǘŜǊƛŀƭǎ ŦƻǊ ŜȄŀƳǇƭŜ ōȅ άƳŜǘŀōƻƭƛŎ ŜƴƎƛƴŜŜǊƛƴƎέ ƳŜǘƘƻŘǎ 

(Soetaert and Vandamme 2006).  

 

1.2.1 Biotechnological relevance of carboxylesterases and lipases 

Next to proteases, cellulases and amylases, lipases and esterases from microbes belong to the 

most important biocatalysts. Lipases and esterases are applied in food, beverage and dairy 

industry e. g. for flavor development or improvement in cheese, changes in fatty acid composi-

tions by transesterification (polyunsaturated fatty acids) to provide health benefits or for im-

proving bread dough stability, volume and consistence (Kirk et al. 2002; Gupta et al. 2004; 

Panda and Gowrishankar 2005). Furthermore, lipases are added to cleaning agents in order to 

remove oil stains and as surfactants. This is possible, because these enzymes are often ex-

traordinary stable against detergents. Most esterases and lipases also show high stability 

against organic solvents, which is an important advantage for many reaction conditions. As 

lipases usually display high solvent and salt tolerance, these enzymes can even be applied in 

pure organic solvents (Klibanov 2001) or in ionic liquids (Kragl et al. 2002). The wide majority 

of carboxylesterases and lipases act cofactor-independently which makes their industrial appli-

cation easier and cost-effective.  

Lipases and esterases are used for the production of esters as flavors or odorous substances 

for perfumes (Divakar and Manohar 2007) and they are able to process hydrophobic waste 
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products (waxes, triglycerides) that accumulate during the production of textiles and paper 

(Jaeger and Reetz 1998). During the production of biodiesel from vegetable oils and methanol, 

lipases perform esterification and transesterification reactions that result in the desired methyl 

esters (H3C-COO-R´; Robles-Medina et al. 2009; Fan et al. 2012). 

As some lipases are able to react highly chemo-, regio- and stereoselectively, they offer many 

possibilities in organic synthesis (Koeller and Wong 2001; Reetz 2002). For instance, they can 

be applied for the resolution of chiral secondary and tertiary alcohols that serve as enanti-

opure building blocks (Mitsuda et al. 1988; Kourist and Bornscheuer 2011). In pharmaceutical 

industry, they can be used to produce enantiopure nonsteroidal anti-inflammatory drugs like 

naproxen, keto- and ibuprofen (Tsai et al. 1997). Concerning ibuprofen, the (S)-enantiomer is 

about 160 times more physiologically active than the (R)-enantiomer (Henke et al. 2000) 

which, moreover, can even cause intolerance (Fazlena et al. 2006). Lipases are employed for 

polycondensation reactions resulting in the synthesis of polyesters (Kobayashi 2010) that can 

for example be applied as medical devices because of their biodegradability (Jiang 2008) and 

because they are non-toxic. Sugar-esters that are often used as emulsifiers in food industry can 

be synthesized by lipases, too (Kobayashi 2011). Natural polyphenols and phenolic antioxi-

dants provide benefits for health and are supposed to be stabilized by lipase-mediated acyla-

tion (Torres et al. 2012).   

Finally, fatty acid esters are important components of cosmetic products for example as pure 

oils for ǎƪƛƴ ŎŀǊŜ όǎƻ ŎŀƭƭŜŘ ŜƳƻƭƭƛŜƴǘǎΣ ƛΦ ŜΦ άǎƻŦǘŜƴŜǊǎέύΣ ŜƳǳƭǎƛŦƛŜǊǎΣ ǘƘƛŎƪŜƴƛƴƎ ŀƴŘ ǊŜ-fatting 

agents or solubilizers (Hills 2003). Emollient esters like for example decyl oleate, decyl cocoate, 

myristyl myristate and polyglycerol-3 laurate can be produced lipase-catalyzed with high purity 

and under profitable conditions (Hills 2003; Hilterhaus et al. 2008; Thum and Oxenbell 2008). 

One problem, however, is that these esters are highly viscous and the production process de-

mands working temperatures above 70°C to facilitate handling with these substances. Most of 

the carboxylesterases and lipases used in today´s biotechnology originate from mesophilic 

organisms and are thus susceptible to heat denaturation (Levisson et al. 2009). The thermal 

instability of many biocatalysts is therefore a limiting and restricting factor (Hills 2003; 

Brummund et al. 2011). There is a high demand for novel thermostable lipolytic enzymes with 

elevated temperature optima so biotechnological processes taking place above 70°C can be 

created more efficiently for ecological and economic reasons.  
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1.2.2 Thermostability 

According to their optimal growth temperature, organisms are classified as generally thermo-

philes (>55°C) or as moderate thermophiles (>65°C), extreme thermophiles (>75°C) and hyper-

thermophiles (>90°C; Imanaka 2011). Of course, the stability of these organisms´ cell compo-

nents and the enzymes they produce has to be adapted to high temperatures and against 

thermal denaturation in appropriate ways. Some factors beneficial for thermostability of en-

zymes are a relatively small hydrophobic surface exposed, N- and C-termini as well as loops 

that are fixated near the center of the enzyme, strong ion-pairs, e. g. with arginine residues, 

hydrogen and disulfide bonds, interactions between aromatic pairs and hydrophobic interac-

tions, e. g. by methyl groups (Vieille and Zeikus 2001). Generally, an increase in internal hydro-

phobicity and stabilization of the secondary structure together with compactness and rigidity 

of the overall structure enhance protein thermostability (Feller 2010; Imanaka 2011). Never-

theless, only by structural observations the actual thermostability of an enzyme can hardly be 

predicted and functional tests offer the best conclusions. The number of lipases and esterases 

with temperature optima of around 70°C that are as well stable at this temperature for long 

time periods is still limited. In the following part, a promising way to find novel thermostable 

enzymes is described. 

1.3 aŜǘŀƎŜƴƻƳƛŎǎ 

¢ƘŜ άƎǊŜŀǘ ǇƭŀǘŜ Ŏƻǳƴǘ ŀƴƻƳŀƭȅέ describes the phenomenon that much more bacterial cells 

from an environmental sample can be counted under the microscope than are growing under 

laboratory conditions as colonies on agar-plates (Staley and Konopka 1985). It is estimated that 

less than 1% of all microbes are cultivable (Amann et al. 1995). In order to avoid the diversity-

decreasing cultivation step, metagenomics was invented. It denotes a culture-independent 

approach of direct cloning that provides access to the large diversity of uncultivable bacteria 

and was first proposed almost 30 years ago (Lane et al. 1985). Therefore, the entire bacterial 

DNA of an environmental sample is isolated, cloned into vectors and transferred into a well-

cultivable host organism, most often Escherichia coli (Handelsman et al. 1998). Subsequently, 

the metagenomic libraries constructed this way can be explored and analyzed for certain 

genes (e. g. 16S rRNA genes or genes encoding key-enzymes of certain pathways) by using a 

sequence-based approach which is often used to answer ecological questions. The clones of 

the libraries can also be screened for biochemical properties by using a function-based ap-

proach. This reveals a large reservoir of novel biocatalysts, drugs or other biotechnologically 

useful molecules from uncultivated bacteria (Streit and Schmitz 2004; Schmeisser et al. 2007; 
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Steele et al. 2009). Within the last decade, methods and instruments were developed and es-

tablished that enable shotgun sequencing of whole-genomes of environmental samples. 

Thereby, enormous sequence data is produced and the often underestimated diversity of non-

cultivable microbes can be explored (Venter et al. 2004; Simon and Daniel 2011). 

1.3.1 Metagenome-derived carboxylesterases and lipases and their biochemical 

properties 

Over ten years ago, the first lipolytic enzymes were discovered from metagenomes (Henne et 

al. 2000). Since then, many esterases and lipases have been discovered in metagenomic librar-

ies that were most often constructed with DNA from soil bacteria (Lee et al. 2004; Elend et al. 

2007; Hong et al. 2007; Lee et al. 2010; Nacke et al. 2011; Yu et al. 2011), from bacteria of 

marine sediment (Lee et al. 2006; Hardeman and Sjoling 2007; Jeon et al. 2009; Jeon et al. 

2009; Peng et al. 2011) or from animal gut (Liu et al. 2009; Bayer et al. 2010), because the mi-

crobial diversity is very high in these environments in particular. In order to find esterases and 

lipases that are especially thermostable due to habitat related properties, metagenomic librar-

ies were constructed with DNA isolated from samples of thermal environments like hot springs 

(Rhee et al. 2005; Tirawongsaroj et al. 2008; Sharma et al. 2012). Unfortunately, the access for 

taking samples from most of these thermal habitats is often difficult or restricted. Ways to 

overcome this problem are sampling of man-made thermal habitats that contain thermophilic 

microbes as well and laboratory enrichment cultures of environmental samples incubated at 

higher temperatures. Although the microbial diversity is being reduced within the enrich-

ments, this strategy has led to an increase in the detection frequency of positive clones in pre-

vious studies (Entcheva et al. 2001; Knietsch et al. 2003; Elend et al. 2006). 

So far, more than 80 metagenomic esterase and lipase genes have been reported (Steele et al. 

2009). One reason for the relatively high number of novel carboxylesterases and lipases ob-

tained from metagenomic libraries is the broad repertoire of function-based screening tech-

niques (Beisson et al. 2000; Reyes-Duarte et al. 2012). Most esterases and lipases were identi-

fied by using tributyrin or other triglycerols as substrates in indicator plates. Nevertheless, 

recombinant overexpression and purification was by far not possible with every metagenomic 

esterase and lipase discovered (Steele et al. 2009), not only because of time-concerning con-

straints but also because of expression problems that made a higher yield of recombinant pro-

tein difficult to achieve.  
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1.3.2 Heterologous expression of lipases 

By means of metagenomics combined with function-based screening techniques, a certain 

level of expression is provided, as otherwise no activity could be detected for the recombinant 

enzyme produced by its heterologous host. Next to many different problems that impede the 

expression of recombinant proteins, enzymes can be misfolded because of missing chaper-

ones, truncated or even not produced at all because of different codon usages. These enzymes 

can hardly be detected in function-based screenings.  

The difficulty often lies in reaching high yields of pure and soluble enzyme out of an acceptable 

volume of cell culture. As lipases have the potential to interfere with the host metabolism and 

cell membranes, some hosts, especially E. coli, repress the high-level production of these en-

zymes or they store them inactivated in inclusion bodies (Chung et al. 1991; Ogino et al. 2008). 

In order to avoid the time-consumptive refolding procedure, fungal hosts like Pichia pastoris 

(Quyen et al. 2003; Jiang et al. 2006), Saccharomyces cerevisiae (Lopez-Lopez et al. 2010), 

Kluyveromyces species (Rocha et al. 2011) and Candida rugosa (Ferrer et al. 2001), but also the 

actinomycete Streptomyces lividans (Cote and Shareck 2010) were used as expression strains 

for bacterial lipases. Nevertheless, E. coli remains the most often used expression host for bac-

terial lipases because of its uncomplicated and inexpensive culture conditions and the many 

different strains and expression systems available. In some cases, lowering of the temperature 

during the time of expression was leading to an increased production of the recombinant pro-

teins in E. coli (Terpe 2006). Particularly thermophilic lipases that are barely active at tempera-

tures beneath 20 to 30°C are less innocuous when expressed at low temperatures. In order to 

find a bacterial strain that grows optimally at lower temperatures than E. coli with 37°C, Pseu-

domonas antarctica was investigated in this study concerning its properties for serving as a 

novel heterologous expression host.  

1.4 LƴǘŜƴǘƛƻƴ ƻŦ ǘƘƛǎ ǿƻǊƪ 

The aim of this study was to discover novel thermostable lipolytic enzymes. In order to find 

enzymes with the desired environment-related thermostability, metagenomic libraries should 

be constructed in E. coli with bacterial genomic DNA of thermophilic enrichment cultures and 

these should be screened for lipolytic activity. Positive clones should be examined for the re-

spective genes conferring lipolytic activity. The lipase or carboxylesterase genes should be 

overexpressed in E. coli or P. antarctica and the enzymes characterized for their biochemical 

properties in a detailed way in order to elucidate their applicability as biocatalysts. If possible, 

the crystal structure of the enzymes should be solved. 
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2  aŀǘŜǊƛŀƭǎ ŀƴŘ ƳŜǘƘƻŘǎ 

2.1 9ƴǾƛǊƻƴƳŜƴǘŀƭ ǎŀƳǇƭŜǎ 

Ten samples were collected from different sites at the Botanical Garden in Klein Flottbek 

(Hamburg, Germany). The sample sites included six different topsoils consisting predominantly 

of sand as well as humus-rich soils. Four water samples were taken from sweet water brooks 

and ponds.  

Water samples from a heating system in the Biocenter Klein Flottbek (Hamburg, Germany) 

were taken. The temperature of the water at the time of sampling was above 50°C.  

2.2 .ŀŎǘŜǊƛŀƭ ǎǘǊŀƛƴǎΣ ǾŜŎǘƻǊǎ ŀƴŘ ŎƻƴǎǘǊǳŎǘǎ 

Table 2. Bacterial strains used in this study. 

Strain Characteristics
1) 

Reference/source 

E. coli 5Iрʰ  supEпп ɲlacUмсф ό̅ул ƭŀŎZ ɲaмрύ hsdR17 

recA1 endA1 gyrA96 thi-1 relA1  

Invitrogen (Karlsruhe, Germany; 

Hanahan 1983) 

E. coli Epi100 F
-
 mcrA ɲόmrr-hsdRMS-mcrBC)  

ʊулdlacZɲaмр ɲlacX74 recA1 endA1 ar-

aD139 ɲόara, leu) 7697 galU galK ˂ -rpsL 

nupG  

Epicentre (Madison, WI, USA)  

 

E. coli BL21 (DE3) F
-
, ompT, hsdS B (rB

-
 m B

-
 ) gal, dcmΣ ˂59о Novagen/Merck (Darmstadt, Ger-

many) 

P. antarctica 

(DSM-no. 15318) 

Wild-type strain DSMZ (German Collection of Mi-

croorganisms and Cell Cultures, 

Braunschweig, Germany; Reddy et 

al. 2004) 

1)
 Geno- and phenotypes according to (Bachmann 1983). 

 

Table 3. Vectors used in this study. 

Vector Characteristics
1)
 Size (kb) Reference/source 

pDrive TA-cloning vector, oriEc, PlaclacZ, 

Amp
R
, Kan

R
, T7-promotor  

3.85 QIAGEN (Hilden, Germany) 

SuperCos Cosmid-vector, Amp
R
, Neo

R
, cos, 

T3- and T7-promotor
 
 

7.94 Stratagene/Agilent Technolo-

gies (Santa Clara, CA, USA) 
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Vector Characteristics
1)
 Size (kb) Reference/source 

pWE15 Cosmid-vector, Amp
R
, Kan

R
, cos, 

T3- and T7-promotor 

8.16 Stratagene /Agilent Technolo-

gies (Santa Clara, CA, USA) 

pTZ19R::Cm
R 

Cloning vector, lacZ, Cm
R
, T7-

promotor  

3.14 Fermentas (St. Leon-Rot, 

Germany) 

pET-21a Expression vector, lacI, Amp
R
, T7-

promotor, C-terminal His6-tag cod-

ing sequence 

5.44 Novagen/Merck (Darmstadt, 

Germany) 

pETM11 Crystallization vector, N- and C-

terminal His6-tag coding sequenc-

es, TEV site 

6.03 EMBL c/o DESY (Hamburg, 

Germany) 

pBR22b Broad host range expression vec-

tor, rep, mob, lacI
q
 (MCS: pET-22b), 

Cm
R
, C-terminal His6-tag coding 

sequence
 
 

6.42 Rosenau and Jaeger 2004 

pML5-T7 T7-polymerase vector, Tc
R
, lacI

q
, 

PlacUV5 

20 Drepper et al. 2005 

pBBR1MCS-5 Broad host range expression vec-

tor, rep, mob, lacZ, Gm
R
 

4.77 Kovach et al. 1995 

1)
 Geno- and phenotypes according to (Taylor and Trotter 1972)  

 

Table 4. Constructs created in this study. 

Construct Vector Insert 

size (kb) 

Characteristics 

pCos6B1 SuperCos 27.0 Possible esterase- or lipase-gene containing insert se-

quence from heating water enrichment  

pCos9D12 SuperCos 26.5 Possible esterase- or lipase-gene containing insert se-

quence from soil- and water samples enrichment 

pCos5E5 pWE15 36.6 Possible esterase- or lipase-gene containing insert se-

quence from fresh water pipeline biofilm (Schmeisser 

2004). 

lipT::pET-21a pET-21a 0.990 lipT, derived from pCos6B1, with C-terminal His6-tag 

coding sequence. Inserted at NdeI and HindIII re-

striction sites 

lipS::pET-21a pET-21a 0.843 lipS, derived from pCos9D12, with C-terminal His6-tag 

coding sequence. Inserted at NdeI and HindIII re-

striction sites 

lipS::pETM11+26 pETM11 0.918 lipS, derived from pCos9D12, with C-terminal His6-tag 

coding sequence. Inserted at NcoI and HindIII re-

striction sites 
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Construct Vector Insert 

size (kb) 

Characteristics 

lipS::pETM11-26 pETM11 0.843 See lipS::pETM11+26, only with a truncated region 

encoding the N-terminal 26 aa  

est5E5::pET-21a pET-21a 1.386 est5E5, derived from pCos5E5, with C-terminal His6-tag 

coding sequence. Inserted at NdeI and HindIII re-

striction sites 

lipT::pBR22b pBR22b 1.025 lipT, derived from pCos6B1, with C-terminal His6-tag 

coding sequence. Inserted at NdeI and HindIII re-

striction sites 

lipT::pBBR1MCS-

5 

pBBR1MCS-

5 

1.150 lipT, derived from pCos6B1 together with C-terminal 

His6-tag coding sequence. Inserted at ApaI and PstI 

restriction sites 

 

2.3 tǊƛƳŜǊǎ 

Table 5. Primers used in this study. Restriction sites are underlined. 

Primer Sequence
1) 

Tm (°C) Reference 

616V `5-AGA GTT TGA TYM TGG CTC AG-3  ́ 55 E. coli 16S rDNA positions 8 

to 27 (Brosius et al. 1981) 

1492R `5-CGG YTA CCT TGT TAC GAC-3  ́ 55 Kane et al. 1993 

Arch21f `5-TTC CGG TTG ATC CYG CCG GA-3  ́ 57 DeLong 1992 

927R `5- CCS TTG TGG TGC TCC C-3  ́ 57 Dees and Ghiorse 2001 

M13-20 for `5-GTA AAA CGA CGG CCA GT-3  ́ 59 Eurofins MWG Operon 

(Ebersberg, Germany) 

M13 rev `5-CAG GAA ACA GCT ATG ACC-3  ́ 56 Eurofins MWG Operon 

(Ebersberg, Germany) 

T7-promotor `5-TAA TAC GAC TCA CTA TAG GG-3  ́ 54 Eurofins MWG Operon 

(Ebersberg, Germany) 

T3-promotor `5-ATT AAC CCT CAC TAA AG-3  ́ 48 Eurofins MWG Operon 

(Ebersberg, Germany) 

KAN-2 FP-1 `5-ACC TAC AAC AAA GCT CTC ATC AAC C-3  ́ 72 Epicentre (Madison, WI, 

USA) 

KAN-2 RP-1 `5-GCA ATG TAA CAT CAG AGA TTT TGA G-3  ́ 68 Epicentre (Madison, WI, 

USA) 

lipT for `5-CAT ATG CGG CGG TTA CTA GCC TTG C-3  ́ 69 This study 

lipT rev `5-AAG CTT CCG CAC CCT AGG CGC CGC CTT C-

3  ́

79 This study 

lipS for `5-CAT ATG AGC CCG AAA AGC AGG-3  ́ 63 This study 
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Primer Sequence
1) 

Tm(°C) Reference 

lipS rev `5-AAG CTT GCT GTG CTT CCG GAT GAA C-3  ́ 69 This study 

lipS::pETM11    

+ 26 for 

´5- TACACATGTGCCGGAAAAGCAGGAACTG-3  ́ 71 This study 

lipS::pETM11    

- 26 for 

`5- AACATGTCCGGTATGTCGACGACGCCCCTTC -3  ́ 53 This study 

lipS::pETM11 

rev 

`5-GTGCGGCCGCAAGCTTTCAGTGCTTCCG-3  ́ 68 This study 

est1 for `5-CAT ATG GTC GCT AGG GCG CAG GTG-3  ́ 71 This study 

est1 rev `5-AAG CTT CTT CAC GAT GAT GTC GAA GG-3  ́ 67 This study 

lipT_ApaI for `5-GGG CCC TTA TGC GAC TCC TGC ATT AG-3  ́ 70 This study 

lipT_PstI rev `5-CTG CAG AGC CAA CTC AGC TTC CTT TC-3  ́ 69 This study 

1)
 R: purine base A or G, Y: pyrimidine base C or T, S: strong binding base C or G. Restriction sites are 

underlined. 

 

 

2.4 /ǳƭǘǳǊŜ ƳŜŘƛŀ ŀƴŘ ǎǳǇǇƭŜƳŜƴǘǎ 

All media and vessels were autoclaved at 121°C and 2 bar for 20 min. Antibiotics and heat sen-

sitive supplements (Table 6) were sterilized by sterile filtration and added after the media 

cooled down to ca. 56°C. Media with supplements were stored at 4°C. 

2.4.1 LB-medium (Sambrook 2001) 

Tryptone    10 g 

Sodium chloride  5 g 

Yeast extract    5 g 

(Agar     12 g) 

H2O     ad 1000 ml 

 

2.4.2 Mineral salt medium (MSM) 

One liter of MSM contained 100 ml of buffer stock solution and mineral salt stock solution. The 

pH was adjusted to 7.2. After autoclaving, 1 ml of sterile filtered trace element stock solution 

and vitamin stock solution were added. 
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Buffer stock solution (10x):      

Na2HPO4     70 g     K2HPO4     20 g  

H2Obidest         ad 1000 ml 

Mineral salt stock solution (10x):     

(NH4)2SO4     10 g     MgCl2 · 6 H2O    2 g  

Ca(NO3)2 · 4 H2O   1 g      H2Obidest     ad 1000 ml 

Trace element stock solution (1000x; Pfennig and Lippert 1966): 

EDTA      500 mg    NaMoO4· 2 H2O   3 mg 

FeSO4 · 7 H2O    300 mg    NiCl2 · 6 H2O    2 mg 

CoCl2 · 6 H2O    5 mg    H3BO3      2 mg 

ZnSO4· 7 H2O    5 mg    CuCl2 · 2 H2O    1 mg 

MnCl2 · 4 H2O    3 mg    H2Obidest     ad 200 ml  

Vitamin stock solution (1000x): 

Ca-pantothenate   10 mg     Cyanocobalamine (B12) 10mg  

Nicotinic acid    10 mg     Pyridoxal-HCl (B6)   10 mg  

Riboflavin     10 mg     Thiamin-HCl (B1)   10 mg  

Biotin      1 mg     Folic acid     1 mg  

p-amino benzoic acid  1 mg     H2Obidest     ad 100 ml 

2.4.3 Thermus medium (medium D, mod. according to Castenholz 1969) 

Solution A: 

Nitrilotriacetic acid  1 g     CaSO4 · 2 H2O    0.6 g 

MgSO4 · 7 H2O    1 g     NaCl      80 mg 

KNO3      1 g     NaNO3      6.9 g 

Na2HPO4     1.1 g    H2Obidest     ad 1000 ml 

Solution B:    

FeCl3      28 mg    H2Obidest     ad 1000 ml 

Solution C: 

H2SO4 (conc.)    0.5 ml    MnSO4 · H2O    220 mg 

ZnSO4 · 7 H2O    50 mg    H3BO3      50 mg 

CuSO4      1.6 mg    Na2MoO4 · H2O    2.5 mg 

H2Obidest     ad 1000 ml  
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Medium D: 

Tryptone    1 g      Yeast extract    1 g 

Solution A   100 ml     Solution B     10 ml 

Solution C    10ml     H2Obidest     ad 1000 ml  

The pH was adjusted to 8.2 before autoclaving. 

2.4.4 Supplements 

Table 6. Antibiotics and other supplements. 

Antibiotic/supplement Solvent  Stock solution Working concentration 

Ampicillin H2O 100 mg/ml 100 µg/ml 

Chloramphenicol EtOH 50 mg/ml 50 µg/ml or 150 µg/ml 

Kanamycin H2O 25 mg/ml 25 µg/ml 

Gentamicin H2O 50 mg/ml 50 µg/ml 

Tetracycline EtOH 7 mg/ml 7 µg/ml 

IPTG H2O 100 mg/ml 100 µg/ml 

X-Gal DMF 50 mg/ml 50 µg/ml 

Tributyrin (TBT) Medium - 1% (v/v) 

Olive oil Medium - 1% (v/v) 

Pyruvate Medium - 0.1% (w/v) 

2.5 /ǳƭǘǳǊŜ ŎƻƴŘƛǘƛƻƴǎ 

2.5.1 Enrichment cultures 

2.5.1.1  MSM enrichment 

A spatula of each soil sample (0.5 g) and 0.5 ml of each water sample were combined in a 100 

ml Erlenmeyer-flask which contained 50 ml of MSM (2.4.2) supplemented with olive oil and 

pyruvate (Table 6). The suspension was incubated on a shaker with 150 rpm at RT for one day 

in order to disassociate bacteria from inorganic and organic particles. The particles were sedi-

mented and the supernatant was used for inoculating 1 l of MSM with olive oil, pyruvate 

(Table 1), vitamins and trace elements (2.4.2) in a 2 l glass bottle. The enrichment was held at 

65°C under moderate aeration for several weeks. 
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2.5.1.2  Thermus enrichment 

One liter of medium D (2.4.3) was inoculated in a 2 l glass bottle with 20% sample (v/v) from 

the water of a heating system without pre-incubation. The enrichment culture was incubated 

at 75°C at 200 rpm aerobically for several weeks. 

2.5.2 Cultivation of bacteria 

Bacterial strains were grown in test tubes (5 ml) or Erlenmeyer flasks (25 ml to 1 l) on a shaker 

(Infors HT minitron, Infors AG, Switzerland) at 150 to 250 rpm. Cultures harboring a plasmid 

were supplemented with antibiotics in order to keep selection pressure. Cultures were inocu-

lated either with a small amount of colony material from an agar plate, 0.001% of a glycerol 

stock or with max. 3% of a liquid pre-culture.  

For the preparation of metagenomic libraries, colonies were transferred to a 96 well micro-

titer plate containing 150 µl of liquid LB with 100 µg/ml of ampicillin in each well. The plates 

were incubated at 37°C for 18 to 24 h without shaking. 

2.5.2.1  E. coli culture conditions 

E. coli strains were grown overnight at 37°C on complex LB medium (2.4.1) supplemented with 

appropriate antibiotics (Table 6). 

2.5.3 P. antarctica culture conditions 

P. antarctica was grown aerobically on LB medium (2.4.1) supplemented with the appropriate 

antibiotics (Table 6) at 17 to 22°C. 

2.5.4 Strain maintenance 

Bacterial colonies were kept for up to 4 weeks on agar plates at 4°C. For long-time storage, 

glycerol stocks were prepared. Two parts of a fresh overnight culture were mixed with one 

part of glycerol (87%) in a screw-cap tube and stored at -70°C. 

Cosmid libraries (2.5.2) were mixed with 50 µl of glycerol (87%) per well and stored at -70°C. 

2.5.5 Measurement of optical density (OD) 

Optical densities of bacterial cultures were measured in a cuvette (Sarstedt, Nümbrecht, Ger-

many) with 1 cm thickness using a photometer (SmartSpecTM Plus Spectrophotometer, BIO 

RAD, Hercules, CA, USA) at a wave length of 600 nm (OD600) against sterile medium. If the OD 
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exceeded 0.8, samples were diluted with sterile medium in order to avoid errors in measure-

ment. A value of 0.1 (OD600) corresponds to a cell density of approximately 1x108 cells/ml for 

E.coli cells. 

2.5.6 Cell harvesting 

Liquid cell cultures were harvested by centrifugation. Up to 5 ml were transferred to E-cups 

and sedimented in a tabletop microcentrifuge (minispin Plus, Eppendorf, Hamburg, Germany) 

or a refrigerated centrifuge 5417R (Eppendorf, Hamburg, Germany) at 9,000 rpm and 4°C for 1 

min. Larger volumes were harvested either using a Falcon centrifuge 5804R (up to 45 ml, rotor 

A-4-44, Eppendorf, Hamburg, Germany) or a Sorvall RC6+ centrifuge (up to 50 ml: rotor SS-34; 

up to 400 ml: rotor F10S-6x500y; Thermo scientific, Braunschweig, Germany) at 5,000 to 8,000 

rpm and 4 °C for 20 min. 

2.6 {ǘŀƴŘŀǊŘ ǘŜŎƘƴƛǉǳŜǎ ŦƻǊ ǿƻǊƪƛƴƎ ǿƛǘƘ 5b! 

Thermostable solutions, glass vessels and other instruments were autoclaved at 121°C for 20 

min for sterilization and also in order to inactivate nucleases. Solutions sensitive to heat were 

sterilized by filtration. Materials that could not be autoclaved were washed with 70% EtOH and 

flamed. 

2.6.1 Isolation of genomic DNA 

After three weeks of incubation, a volume of 15 to 50 ml was taken from the enrichment cul-

tures and cells were harvested by centrifugation (2.5.6). The supernatant was discarded before 

the cell pellet was resuspended in 1 ml of washing solution and the suspension was transferred 

in a 2 ml E-cup. The sample was incubated on ice for 1 h. The cells were sedimented in a min-

ispin tabletop centrifuge for 2 min at 9,000 rpm and the supernatant was discarded. The cell 

pellet was resuspended in 250 µl of TE-sucrose solution before 250 µl of lysis buffer were add-

ed. The sample was mixed carefully and incubated at 37°C for 1 h. Subsequently, the sample 

was mixed with 150 µl of proteinase K solution and incubated for another hour at 37°C. The 

cell lysate was then mixed thoroughly with 250 µl of phenol/chloroform (1:1). Phases were 

segregated in a refrigerated centrifuge 5417R (Eppendorf, Hamburg, Germany) at 13,000 rpm 

and 4°C for 20 min. The aqueous supernatant was transferred to a sterile E-cup und supple-

mented again with 250 µl of phenol/chloroform and centrifuged. This step was repeated three 

times in order to remove proteins. Afterwards, the sample was mixed well with 250 µl of chlo-

roform and centrifuged for 5 min at 13,000 rpm and 4°C. After a repeating step, DNA was pre-
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cipitated with 2.5 vol of 99% EtOH and 0.1 vol. of sodium acetate solution after incubation at -

20°C for 30 min and centrifugation (13,000 rpm, 4°C, 20 min). The supernatant was discarded 

carefully and the DNA pellet was washed twice with 1 ml of 70% EtOH by centrifugation 

(13,000 rpm, 4°C, 5 min). Finally, the DNA pellet was dried at room temperature and resus-

pended in sterile H2Obidest at 8°C overnight. 

Washing solution:   NaCl    0.8 M    EDTA  0.1 M  

TE-buffer with sucrose:  Tris-HCl   10 mM    EDTA  1 mM  

sucrose   20% (w/v) 

Lysis buffer:   Tris-HCl   10 mM   EDTA 1 mM 

       lysoszyme  10 mg/ml 

Proteinase K solution:  Proteinase K 1 mg/ml    SDS  20% (w/v)  

RNase    1 mg/ml 

Sodium acetate solution: Na-acetate 3M 

pH was adjusted to 5.5.  

All solutions were dissolved in H2Obidest. The pH values of the TE-buffer with sucrose and the 

lysis buffer were adjusted to pH 8.0. All solutions were sterilized by filtration before use.  

The lysis buffer and the proteinase K solution were stored as aliquots of 1 ml at -20°C until 

needed.  

2.6.2 Plasmid isolation by alkaline cell lysis (Birnboim and Doly 1979)  

The alkaline cell lysis method was applied in order to analyze the recombinant plasmids or 

cosmids of clones and to separate it from genomic DNA.  

One to five ml of an overnight culture were centrifuged in an E-cup for 30 sec and the superna-

tant was removed. The cell pellet was resuspeƴŘŜŘ ǘƘƻǊƻǳƎƘƭȅ ƛƴ млл ˃[ ƻŦ ōǳŦŦŜǊ tмΦ ¢ƘŜƴΣ 

нлл ˃[ ƻŦ ōǳŦŦŜǊ tн ǿŜǊŜ ŀŘŘŜŘ ŀƴŘ ǘƘŜ 9-cup was inverted five times. After incubation at RT 

ŦƻǊ м ƳƛƴΣ нлл ˃[ ƻŦ ŎƘƭƻǊƻŦƻǊƳ ǿŜǊŜ ŀŘŘŜŘ ŀƴŘ ƳƛȄŜŘ ǿŜƭƭΦ Lƴ ƻǊŘŜǊ ǘƻ ǇǊŜŎƛǇƛǘŀǘŜ ǇǊƻǘŜƛƴǎΣ 

мрл ˃[ ƻŦ ōǳŦŦŜǊ tо ǿŜǊŜ added and the E-cup was inverted five times. After 1 min of incuba-

tion at RT, the sample was centrifuged for 2 min. The upper phase (approx. плл ˃[ύ ǿŀǎ ǘǊŀƴs-

ferred into a sterile 1.5 ml E-cup and 1 ml of ice cold 96% EtOH was added to precipitate plas-

mid DNA. After inverting the E-cup, the sample was incubated for 30 min at -20°C or for 10 min 

at -70°C. The plasmid DNA was sedimented by centrifugation at 13,000 rpm and 4°C for 20 min 

in a centrifuge 5417R (Eppendorf, Hamburg, Germany). The supernatant was discarded and 
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the pellet washed with 0.5 ml of ice cold 70% EtOH. The sample was centrifuged for 2 min 

(13,000 rpm, 4°C). This washing step was repeated once and the supernatant was removed. 

The DNA pellet was dried at 50°C and resuspended in 20 to 50 µl H2Obidest. The plasmid or cos-

mid DNA was analyzed by agarose gel electrophoresis (2.6.6).  

 

Buffer P1: Tris-HCl   50 mM    EDTA   10 mM 

RNase A   1 mg/ml   H2Obidest  ad 100 ml 

The pH was adjusted to pH 8.0. 

Buffer P2: NaOH    200 mM   SDS   1% (w/v) 

H2Obidest   ad 200 ml 

Buffer P3: K-acetate   3 M     H2Obidest  ad 200 ml 

The pH was adjusted to 5.5 with acetic acid. 

All solutions were sterilized by filtration before use. Buffer P1 was stored at 4°C. 

2.6.3 Plasmid isolation with a plasmid mini kit 

Lƴ ƻǊŘŜǊ ǘƻ ƻōǘŀƛƴ ǇǳǊŜ ǇƭŀǎƳƛŘ ŀƴŘ ŎƻǎƳƛŘ 5b! ǘƘŀǘ Ŏŀƴ ōŜ ǳǎŜŘ ŦƻǊ ǎŜǉǳŜƴŎƛƴƎΣ ŀ άIƛƎƘ-

{ǇŜŜŘ tƭŀǎƳƛŘ Ƴƛƴƛ ƪƛǘέ ǿŀǎ ǳǎŜŘ ŀŎŎƻǊŘƛƴƎ ǘƻ ǘƘŜ ƳŀƴǳŦŀŎǘǳǊŜǊȰǎ ƛƴǎǘǊǳŎǘƛƻƴǎ ό!ǾŜƎŜƴe life 

science, Taipei, Taiwan, China). DNA was isolated from 2-5 ml of an overnight culture and the 

DNA was eluted with 20 to 50 µl of H2Obidest. 

2.6.4 Purification and concentration of DNA  

²ƘŜƴ ǇǳǊƛŦƛŎŀǘƛƻƴ ƻŦ 5b! ǿŀǎ ǊŜǉǳƛǊŜŘΣ ǘƘŜ άDŜƭκt/w 5b! CǊŀƎƳŜƴǘǎ 9ȄǘǊŀŎǘƛƻƴ ƪƛǘέ ό!ǾŜƎŜƴŜ 

life science, Taipei, Taiwan, China) was used and the protocol for PCR cleanup was followed 

according to the manual. DNA was eluted with 20 to 40 µl of H2Obidest. The concentration of 

small volumes of DNA solutions was carried out in a vacuum concentrator (Concentrator 5301, 

Eppendorf, Hamburg, Germany) at 45°C for up to 5 min. 

2.6.5 Analysis of DNA concentration and purity  

The quantity and purity of DNA was measured using a photometer (SmartSpecTM Plus Spec-

trophotometer, BIO RAD, Hercules, CA, USA). DNA concentration was measured in a disposa-

ble micro UV cuvette (Plastibrand®, Brand, Wertheim, Germany) at 260 nm against H2Obidest. An 

OD260 of 1.0 corresponds to 50 µg/ml of double-stranded DNA. The purity was determined by 

calculating the ratio of the extinction values at 260 and 280 nm. Pure DNA solutions have a 

ratio OD260:OD280 of 1.8 to 2.0 (Sambrook 2001). 
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2.6.6 Agarose gel electrophoresis 

The size, quality and quantity of DNA were analyzed by agarose gel electrophoresis. The DNA is 

negatively charged and moves through a 0.8% (w/v) agarose gel. The run time of the DNA 

fragments is dependent on their size. Smaller fragments move faster through the matrix and 

thus, fragments are separated according to their size. The electrophoresis was performed at 

100 V for at least 35 min with a power supply PowerPacTM Basic (BioRad, Munich, Germany) in 

an electrophoresis gel chamber (HE-оо Ƴƛƴƛ ƘƻǊƛȊƻƴǘŀƭ ǎǳōƳŀǊƛƴŜ ǳƴƛǘΣ IƻŜŦŜǊϰΣ IƻƭƭƛǎǘƻƴΣ 

MA, USA) filled with TAE buffer. Samples (1-5 µl) were mixed with 1 µl of loading dye before 

they were applied on the gel. After performing the electrophoresis, the DNA was stained in an 

ethidium bromide solution (10 µg/ml) for 5 to 15 min and visualized under UV light of 254 nm 

in a Molecular Imager® (GelDocTM XR+ Imaging System, BioRad, Munich, Germany). The gel 

was documented with a Quantity One 1-D analysis software (version 4.6.9, BioRad, Munich, 

Germany). The size of the DNA fragments was estimated by comparison with marker bands 

between 100 bp and 10 kb of a GeneRulŜǊϰ м ƪō 5b! [ŀŘŘŜǊ όCŜǊƳŜƴǘŀǎΣ {ǘΦ [Ŝƻƴ-Rot, Ger-

many) that was also loaded on the gel. 

TAE buffer (50x):  Tris-Ac       2 M    EDTA   100 mM  

Dissolved in H2Obidest  

The pH was adjusted to 8.0 with acetic acid.  

Loading dye:   Glycerol (30%)     60 ml    EDTA   50 mM  

Bromphenol blue (0.25%)  0.5 g  

Xylencyanol (0.25%)   0.5 g  

H2Obidest ad 200 ml 

2.6.7 Gel extraction of DNA 

Extraction of DNA fragments from an agarose gel was performed after PCR or digestion and 

subsequent electrophoresis (2.6.6ύ ōȅ ǳǎƛƴƎ ǘƘŜ άDŜƭκt/w 5b! CǊŀƎƳŜƴǘǎ 9ȄǘǊŀŎǘƛƻƴ ƪƛǘέ 

(Avegene life science, Taipei, Taiwan, China) according to the manufacturer´s instructions. The 

DNA fragments were eluted with up to 30 µl H2Obidest. 

2.6.8 Enzymatic modification of DNA 

2.6.8.1  Digestion of DNA 

All type II restriction endonucleases and their appropriate buffers were purchased from Fer-

mentas (St. Leon-Rot, Germany). These enzymes cleave double-stranded DNA at specific 
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recognition sites that usually consist of a palindromic sequence of 4 to 8 nucleotides. DNA 

fragments with cohesive or blunt ends are being produced that can be used for analysis or 

further cloning. 

2.6.8.1.1  Partial digestion of genomic DNA 

For the construction of cosmid libraries, the insert size of DNA fragments has to be about 30 to 

40 kb. Genomic DNA was partially digested in order to obtain this fragment size and to create 

complementary sticky ends for the ligation into the BamHI restriction site of the cosmid vector 

SuperCos. The enzymes BamHI and Bsp143I produce compatible ends. Different dilutions of 

the restriction enzyme Bsp143I between 1:1,000 and 1:64,000 (final concentration) were test-

ed on genomic DNA in order to obtain the best result. Therefore, a master mix was prepared.  

Master mix:  DNA solution (depending on conc.) 

Bsp143I buffer (10x)   у ˃[  

H2Obidest      ad 80 µL 

¢ƘŜ ƳŀǎǘŜǊ ƳƛȄ ǿŀǎ ŘƛǾƛŘŜŘ ƛƴǘƻ ŀƭƛǉǳƻǘǎ ƻŦ т ˃[ ƛƴ ǎǘŜǊƛƭŜ 9-cǳǇǎΦ м ˃[ ƻŦ ǎǘŜǇǿƛǎŜ ƛƴŎǊŜŀǎƛƴƎ 

enzyme dilution of Bsp143I was added to each E-ŎǳǇ ŀƴŘ ƳƛȄŜŘΦ hƴŜ ŀƭƛǉǳƻǘ ƻŦ т ˃[ ǊŜƳŀƛƴŜŘ 

as enzyme-free control. The reaction was incubated at 37°C for 20 min and stopped immedi-

ately afterwards by heat inactivation of the restriction enzyme at 65°C for 20 min. The diges-

tion progress due to different enzyme concentrations was determined and compared with the 

undigested control by agarose gel electrophoresis (2.6.6). The enzyme dilution that produced 

only high molecular weight DNA fragments with a desired size between 30 and 40 kb was ap-

plied for a preparative partial digestion. 

  Preparative partial digestion:  Genomic DNA      ca. 15 µg   

Bsp143I (diluted with H2Obidest)   1 µl 

Bsp143I buffer (10x)     20 µl 

H2Obidest        ad 200 µl 

After 20 min of incubation at 37°C, the enzyme was inactivated for 20 min at 65°C. The DNA 

was purified (2.6.4) and analyzed by agarose-gel electrophoresis (2.6.6). 

 

2.6.8.1.2 Complete digestion of plasmid DNA 

For a complete digestion, two different scales were used depending on the further purpose of 

the DNA (Table 7). The reaction mixtures were incubated for 2 h to overnight at the optimal 

temperature of the enzymes (usually 37°C). If necessary, the enzymes were heat inactivated at 
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65 or 80°C for 20 min. Vector preparations were dephosphorylated immediately afterwards 

(2.6.8.2). 

Table 7. Digestion of DNA. 

 Analytical scale Preparative scale 

DNA 0.4 - 1 µg 4 - 10 µg 

Restriction enzyme (10 U/µl) 0.5 µl 2 µl 

Restriction buffer (10x) 1 µl 10 µl 

H2Obidest ad 10 µl ad 100 µl 

 

2.6.8.2  Dephosphorylation of complementary ends 

In order to avoid re- or self-ligation, the 5-́end phosphate groups of digested DNA were 

cleaved enzymatically with Antarctic phosphatase (New England Biolabs, Frankfurt am Main, 

Germany). 

   Preparative digestion     95 µl 

Antarctic phosphatase buffer (10x)  11 µl 

Antarctic phosphatase     4 µl 

After 20 min of incubation at 37°C, the enzyme was inactivated at 60°C for 5 min. Finally, the 

DNA was purified (2.6.4). 

2.6.8.3  Ligation of DNA 

2.6.8.3.1 Ligation of PCR products 

Genes or other DNA fragments that were amplified by PCR were ligated into pDrive cloning 

vector (Table 3Σ άt/w ŎƭƻƴƛƴƎ ƪƛǘέΣ vL!D9bΣ IƛƭŘŜƴΣ DŜǊƳŀƴȅύ ŀŎŎƻǊŘƛƴƎ ǘƻ ǘƘŜ ƳŀƴǳŦŀŎǘǳǊŜǊȰǎ 

instructions after being purified (2.6.4). The pDrive vector is provided in linearized form with 

U-overlaps on each side. The A-overlaps of the PCR-product that are produced by the Taq pol-

ymerase ligate with the vector ends. 

   Purified insert    2 µl 

   pDrive      0.5 µl 

   Ligation master mix   2.5 µl 

The ligation was incubated for at least 2 h at 16°C. Subsequently, the plasmids were trans-

formed in competent E. coli 5Iрʰ ŎŜƭƭǎ ōȅ ƘŜŀǘ ǎƘƻŎƪ ό2.6.9.1). 
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2.6.8.3.2 Ligation of genomic DNA fragments 

Genomic DNA fragments with a size of 30-40 kb obtained after partial Bsp143I digestion were 

ligated into the BamHI restriction site of the cosmid vector SuperCos (Table 3). The ligation 

was accomplished with the ATP-dependent T4-ligase (Fermentas, St. Leon-Rot, Germany). A 

molar ratio of 1:5 was chosen, which is dependent on size and concentration of the DNAs. The 

ligation mixture had a total volume of 20 µl.  

Insert DNA (ca. 30 kb, ca. 1800 ng/µl)  4 µl 

SuperCos DNA (7.9 kb, ca. 100 ng/µl)  6 µl 

T4-ligase         1 µl 

T4-ligase buffer (10x)      2 µl 

ATP (10 mM)        2 µl 

H2Obidest         5 µl 

The ligation was incubated at 8°C overnight. The result was compared with non-ligated DNA 

and vector by agarose gel electrophoresis (2.6.6). 

2.6.8.3.3 Ligation of other DNA fragments 

Other DNA fragments with a size of up to 10 kb, for example digested cosmid fragments for 

subcloning, were inserted into the MCS of the lacZ-gene of the dephosphorylated vector 

pTZ19R::CmR (2.6.8.2, Table 3). For recombinant gene expression in E. coli at higher levels by 

induction, genes were ligated into the MCS of pET-21a (Table 3). The genes were cloned direc-

tional with restriction sites into the vector. For the expression of genes in P. antarctica, the 

vectors pBBR1MCS-5 and pBR22b were used (Table 3). Usually, a molar vector-insert ratio of 

1:2 was used and T4-ligase (Fermentas, St. Leon-Rot, Germany) was applied like described in 

2.6.8.3.2. The reactions were incubated for 2 h to overnight at 8 or 16°C. The ligation was 

compared with a non-ligated control by agarose gel electrophoresis (2.6.6). 

2.6.9 Cloning of DNA 

2.6.9.1  Heat shock transformation of E. coli 

Competent E. coli 5Iрʰ ŀƴŘ .[нм ό59оύ ŎŜƭƭǎ ό2.6.9.1.1) were transformed by heat shock with 

recombinant plasmids. One aliquot of competent cells in an E-cup was thawed on ice for 5 min. 

After adding 5 µl of ligation reaction mixture (ca. 0.1 µg of DNA) and gentle stirring with a pi-

pette, the cells were incubated on ice for 20 min. The heat shock was carried out by incubating 

the cells at 42°C for 90 sec. The cells were put on ice immediately and incubated for another 5 

min. 500 µl of liquid LB medium were added to the cells before they incubated at 37°C for 30 
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to 45 min. Finally, the transformed cells were plated out on LB agar plates containing selective 

antibiotics. The plates were incubated overnight at 37°C. 

2.6.9.1.1 Preparation of competent E. coli cells  

An overnight culture of the desired E. coli strain (2.5 ml) was used to inoculate 250 ml of pre-

heated liquid LB medium (37°C) in a 1 l Erlenmeyer flask. The culture was incubated at 37°C on 

a rotary shaker (200 rpm) for 90 to 120 min until an OD600 of 0.5 was reached. The culture was 

cooled on ice for 5 min and then the cells were sedimented by centrifugation (4,000 g, 4°C, 5 

min, Sorvall RC6+ centrifuge, rotor F10S-6x500y, Thermo scientific, Braunschweig, Germany). 

The supernatant was removed while the cell pellet was kept on ice. The cells were resuspend-

ed in 75 ml of cooled buffer TFB1. The suspension was divided into two 50 ml Falcon tubes and 

incubated on ice for 90 min. Then, the cells were sedimented again by centrifugation (5,000 

rpm, 4°C, 5 min, centriuge 5804R, Eppendorf, Hamburg, Germany), the supernatant was dis-

carded and the cell pellet resuspended in 5 ml of cold buffer TFB2. The cell suspension was 

divided into aliquots of 100 µl in cooled E-cups, frozen in liquid nitrogen and stored immedi-

ately at -70°C. 

Buffer TFB1:   RbCl    100 mM   MnCl2   50 mM 

K-acetate   30 mM    CaCl2   10 mM 

Glycerol   15%    H20bidest  ad 100 ml 

The pH was adjusted to 5.8 with acetic acid and the solution was sterilized by filtration. 

Buffer TFB2:  MOPS    10 mM    RbCl   10 mM 

CaCl2    75 mM    Glycerol  15% 

H20bidest    ad 20 ml 

The pH was adjusted to 6.8 with KOHaq and the solution was sterilized by filtration. 

2.6.9.2  Heat shock transformation of competent P. antarctica cells 

In an E-cup, 100 µl of competent P. antarctica cells (2.6.9.2.1) were gently mixed with 5 µl (ca. 

0.2 µg) of recombinant plasmid pBBR1MCS-5 or pBR22b. The latter had to be transformed 

together with 3 µl (ca. 0.2 µg) of the vector pML5-T7. The cells were incubated on ice for 60 

min. The heat shock was performed by incubating the cells at 42°C for 2 min. Incubation on ice 

for 10 min followed immediately, before 900 µl of LB medium were added and the cells were 

incubated at 22°C for 1 to 2 h. Then, the cells were sedimented (5,000 g, RT, 60 s, minispin 

Plus, Eppendorf, Hamburg, Germany) and the supernatant was removed except 50 to 100 µl of 

it remaining in the tube. The cells were resuspended carefully and plated out on LB agar plates 
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supplemented with appropriate antibiotics. The plates were incubated at 22°C for 2 to 4 days 

before colonies were visible. 

2.6.9.2.1 Preparation of competent P. antarctica cells 

A preculture (0.5 ml) of P. antarctica was used to inoculate 50 ml of LB medium in a 300 ml 

Erlenmeyer flask. The culture was incubated at 22°C on a rotary shaker (200 rpm) until an 

OD600 of 0.5 was reached. The flask was cooled on ice for 10 min. The cell suspension was 

transferred to a 50 ml Falcon tube and centrifuged (4,000 g, 10 min, 4°C, Centriuge 5804R, 

Eppendorf, Hamburg, Germany). The supernatant was removed and the cells resuspended in 

25 ml of a cooled 10 mM NaCl-solution. The cells were again sedimented (4,000 g, 10 min, 4°C) 

and the supernatant was discarded. The cell pellet was then resuspended in 25 ml of a 100 

mM CaCl2-solution. The cells were incubated on ice for 20 min and subsequently sedimented 

(4,000 g, 10 min, 4°C). Finally, the pellet was resuspended in 500 µl of a 100 mM CaCl2 solu-

tion, divided into aliquots of 100 µl which were ready for transformation (2.6.9.2).  

2.6.9.3  Blue-white-screening 

The strain E. coli 5Iрʰ Ƙŀǎ ŀ ŘŜƭŜǘƛƻƴ ƛƴ ƛǘǎ lacZ ƎŜƴŜ ǎƻ ǘƘŀǘ ƛǘ Ŏŀƴƴƻǘ ǇǊƻŘǳŎŜ ŀƴ ŀŎǘƛǾŜ ʲ-

galactosidase, only the C-ǘŜǊƳƛƴŀƭ ˖-subunit. Vectors like pDrive and pTZ19R::CmR encode the 

N-termiƴŀƭ ʰ-ǎǳōǳƴƛǘ ƻŦ ǘƘŜ ʲ-galactosidase which has an additional MCS within. Together with 

ōƻǘƘ ǎǳōǳƴƛǘǎΣ ǘƘŜ ʲ-galactosidase is being complemented to its functional form. Transfor-

mations of E. coli with recombinant pDrive and pTZ19R::CmR were plated out on agar plates 

containing the inductor IPTG and the glucose-analog X-Gal as well as appropriate antibiotics. 

/ƻƭƻƴƛŜǎ ƻŦ ŎƭƻƴŜǎ ǿƛǘƘ ŀŎǘƛǾŜ ʲ-ƎŀƭŀŎǘƻǎƛŘŀǎŜ Ŏŀƴ ōŜ ǎŎǊŜŜƴŜŘΣ ŀǎ ǘƘŜ ʲ-galactosidase cleaves 

the X-Gal molecule and by oxidation with aerial oxygen, a blue color develops. By the insertion 

ƻŦ ŀ 5b! ŦǊŀƎƳŜƴǘ ƛƴǘƻ ǘƘŜ a/{ ƻŦ ǘƘŜ ʰ-subunit-coding gene of the vector, no active ̡-

galactosidase can be produced and so, the colonies of clones with an insert appear white. 

2.6.9.4  Library construction 

Libraries were constructed by using the cosmid vector SuperCos (Stratagene/Agilent Technolo-

ƎƛŜǎΣ {ŀƴǘŀ /ƭŀǊŀΣ /!Σ ¦{!ύ ǿƘƛŎƘ ŎŀǊǊƛŜǎ ŀƳǇƛŎƛƭƭƛƴ ŀƴŘ ƴŜƻƳȅŎƛƴ ǊŜǎƛǎǘŀƴŎŜ ƎŜƴŜǎ ŀƴŘ ˂ ǇƘŀg-

es that were used to introduce recombinant DNA into the host cell E. coli Epi100. Both vector 

ŀƴŘ ǇƘŀƎŜ ǇŀǊǘƛŎƭŜǎ ǿŜǊŜ ǎǳǇǇƭƛŜŘ ǿƛǘƘƛƴ ǘƘŜ άDƛƎŀǇŀŎƪϯ LLL DƻƭŘ tŀŎƪŀƎƛƴƎ 9ȄǘǊŀŎǘέ ƪƛǘ ό{ǘǊŀt-

agene/Agilent Technologies, Santa Clara, CA, USA) and used according to protocols provided 

by the manufacturer. 
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2.6.9.4.1 tŀŎƪŀƎƛƴƎ ƻŦ 5b! ƛƴǘƻ ˂ ǇƘŀƎŜ ǇŀǊǘƛŎƭŜǎ 

Phage ǇŀŎƪŀƎƛƴƎ ƳƛȄŜǎ ŦǊƻƳ ǘƘŜ άDƛƎŀǇŀŎƪϯ LLL DƻƭŘ tŀŎƪŀƎƛƴƎ 9ȄǘǊŀŎǘέ ƪƛǘ ǿŜǊŜ ǳǎŜŘ ŀŎŎƻǊd-

ƛƴƎ ǘƻ ǘƘŜ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ǇǊƻǘƻŎƻƭΦ !ƴ 9-cup containing the packaging extract was thawed 

before it was mixed with 3 µl of the ligation mixture of SuperCos (2.6.8.3.2). The reaction was 

incubated for 2 h at 22°C and then 500 µl of buffer SM and 50 µl of chloroform were added 

and mixed carefully. The suspension was centrifuged briefly and the supernatant containing 

ǘƘŜ ˂ ǇƘŀƎŜǎ ǿƛǘƘ ǘƘŜ ǊŜŎƻƳōƛƴŀƴǘ ŎƻǎƳƛŘ ǿŀǎ ǘǊŀƴǎŦŜǊǊŜŘ ǘƻ ŀ ƴŜǿ 9-cup. The phages were 

stored at 4°C until used for transduction.  

Buffer SM:   NaCl     0.58 g     MgSO4    200 mg  

Tris-HCl (pH 7.5)  50 mM     Gelatine   0.01% (w/v)  

H2Obidest    ad 100 ml 

2.6.9.4.2 Preparation of phage competent cells 

E. coli Epi100 was used as a host strain. In a test tube, 5 ml of liquid LB medium supplemented 

with 10 mM MgSO4
 
and 0.2% (w/v) maltose were inoculated with a single colony of freshly 

grown E. coli Epi100. The culture was incubated on a rotary shaker at 200 rpm and 37°C for 4 

to 6 h until the OD600
 
reached 0.8 to 1.0. Cells were transferred to E-cups and harvested at 

2,000 rpm and 4°C for 10 min in a centrifuge 5417R (Eppendorf, Hamburg, Germany). The su-

pernatant was discarded and the cell pellet was resuspended in few ml of 10 mM MgSO4 in 

order to set the OD600
 
to 0.5. The phage competent cells were stored on ice until used for 

transduction.  

2.6.9.4.3 ¢ǊŀƴǎŘǳŎǘƛƻƴ ǿƛǘƘ ˂ ǇƘŀƎŜ ǇŀǊǘƛŎƭŜǎ 

5ƛŦŦŜǊŜƴǘ Řƛƭǳǘƛƻƴǎ ƻŦ ǘƘŜ ˂ ǇƘŀƎŜǎ ǿŜǊŜ ǘŜǎǘŜŘ ƛƴ ƻǊŘŜǊ ǘƻ ŦƛƴŘ ǘƘŜ Ƴƻǎǘ ŜŦŦƛŎƛŜƴǘ ǘƛǘŜǊ ŦƻǊ ǘƘŜ 

transduction of the competent cells. The phages were diluted 1:2, 1:10 and 1:50 with buffer 

SM. In E-cups, 25 µl of each dilution was mixed with 25 µl of the competent E. coli Epi100 cells 

(2.6.9.4.2) and the transduction took place for 30 min at 22°C. To each E-cup, 200 µl of liquid 

LB were added and the cells were incubated at 37°C for 45 min, being inverted every 15 min. 

Cosmid clones were grown overnight at 37°C on LB agar plates supplemented with 100 µg/ml 

ampicillin. 

2.6.9.5  Subcloning 

For the identification of ORFs encoding lipolytic activity, the lipase- or esterase-positive cosmid 

clones were subcloned with restriction enzymes like EcoRI, HindIII and SacI (2.6.8.1.2) so that a 

clear number of fragments with approximately 1 to max. 10 kb resulted from the digestion. 
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The fragments were ligated into dephosphorylated pTZ19R::CmR (2.6.8.2; 2.6.8.3.3), which 

carries a chloramphenicol resistance gene, and cloned into E. coli 5Iрʰ by heat shock (2.6.9.1). 

Colonies containing clones with insert were selected (2.6.9.3), their insert size was analyzed by 

digestion (2.6.8.1.2) and the clones were tested on lipolytic activity (2.8). The ORF encoding 

the lipase or esterase of the positive subclone was then identified by transposon mutagenesis 

(2.6.9.6), sequencing (2.6.11.1ύ ŀƴŘΣ ƛŦ ƴŜŎŜǎǎŀǊȅΣ άǇǊƛƳŜǊ ǿŀƭƪƛƴƎέΦ 

2.6.9.6  Transposon mutagenesis 

On positive subclones, in vitro transposon mutagenesis using the EZ::TNTM <KAN-2> transposon 

ƪƛǘ ό9ǇƛŎŜƴǘǊŜΣ aŀŘƛǎƻƴΣ ²LΣ ¦{!ύ ǿŀǎ ŎŀǊǊƛŜŘ ƻǳǘ ŦƻƭƭƻǿƛƴƎ ǘƘŜ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ƛƴǎǘǊǳŎǘƛƻƴǎΦ 

Clones harboring a transposon grew on LB agar plates containing kanamycin. If the transposon 

inserted in the gene responsible for lipolytic activity, the clone was screened negative on LB 

agar plates supplemented with TBT (2.8.1). With the inserted priming sites of the transposon, 

the corresponding gene was sequenced using specific KAN-2 primers (Table 5) and automated 

sequencing ABI377 technology (2.6.11.1). 

2.6.10 Polymerase chain reaction (PCR) 

2.6.10.1 Primers 

Depending on the melting temperature (Tm) of the primer, annealing is taking place at varying 

temperatures. The melting temperature Tm
 
is depending on the length and the GC-content of 

the primer (Equation 1; Chester and Marshak 1993): 

Tm
 
= 69.3°C + 0.41°C x [GC%] ς (650 / no. of bp)     (1) 

The melting temperatures of the primers used in this study are given in Table 5. 

The annealing temperature Tann is calculated as follows (Equation 2):  

Tann = Tm
 
ς 5°C             (2) 

When the Tann of two primers used in one PCR reaction significantly differs, the lower Tann is 

being used.  

Some primers were designed to introduce a 5'-NdeI and a 3'-HindIII restriction site into the PCR 

products (Table 5) so that directional cloning in an expression vector was possible.  

2.6.10.2 Standard reaction conditions 

PCR reaction mixtures were prepared on ice to avoid false annealing. Usually, a Taq DNA-

polymerase was applied, only in sensitive cases a Pfu polymerase was used because of its 
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proof-reading function. In case of amplification problems, DMSO was added for better results. 

Mostly, a total volume of 50 µl reaction mixture was prepared in a 100 µl PCR-tube. 

DNA template       1-н ˃[  

Taq polymerase buffer (10x)   р ˃[  

dNTPs (2 mM)       н ˃[  

CƻǊǿŀǊŘ ǇǊƛƳŜǊ όмл ˃aύ    м ˃[  

wŜǾŜǊǎŜ tǊƛƳŜǊ όмл ˃aύ    м ˃[  

(DMSO        н ˃[ύ  

Taq polymerase (ca. 2.5 U/µl)  лΦр ˃[  

H2Obidest        ad рл ˃[  

The PCR reaction was carried out in a thermocycler (Mastercycler® personal, Eppendorf, Ham-

burg, Germany) and the conditions were used as indicated in Table 8. Usually, 35 cycles were 

performed. An elongation time of 1 kb per min was estimated for the Taq polymerase. 

Table 8. Standard PCR reaction conditions. 

Initial denaturation  95°C 2 min 

Denaturation 

35 x 

95°C 30 sec 

Annealing Tann = Tm-5°C 30 sec 

Elongation 72°C  1 min/kb 

Final elongation  72°C 5 min 

 

2.6.10.3 Direct colony PCR 

Direct colony PCR was used to check clones for their correct insert size. A small amount of col-

ƻƴȅ ƳŀǘŜǊƛŀƭ ǿŀǎ ǎǳǎǇŜƴŘŜŘ ƛƴ нл ˃[ ƻŦ I2ObidestΦ н ˃[ ƻŦ ŎŜƭƭ suspension were used as a tem-

plate.  

Template        н ˃[  

Taq polymerase buffer (10x)   нΦр ˃[  

dNTPs (2 mM)       м ˃[  

CƻǊǿŀǊŘ ǇǊƛƳŜǊ όр ˃aύ     м ˃[  

wŜǾŜǊǎŜ ǇǊƛƳŜǊ όр ˃aύ     м ˃[  

Taq polymerase      лΦнр ˃[  

H2Obidest        ad нр ˃[  

The PCR reaction conditions were as indicated in Table 8. 
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2.6.10.4 Purification of PCR products 

The size of PCR products was analyzed by agarose gel electrophoresis (2.6.6). Subsequently, 

ǘƘŜ άDŜƭκt/w 5b! CǊŀƎƳŜƴǘǎ 9ȄǘǊŀŎǘƛƻƴ ƪƛǘέ ό!ǾŜƎŜƴŜ ƭƛŦŜ ǎŎƛŜƴŎŜΣ ¢ŀƛǇŜƛΣ ¢ŀƛǿŀƴΣ /Ƙƛƴŀύ ǿŀǎ 

used for purification of the PCR products as described in the manufacturer´s protocol. The 

samples were eluted with up to 30 µl H2Obidest. 

2.6.11 Sequencing of DNA 

2.6.11.1 ABI sequencing 

{ŜǉǳŜƴŎƛƴƎ ǿŀǎ ŎŀǊǊƛŜŘ ƻǳǘ ƛƴ ǘƘŜ ƎǊƻǳǇ ƻŦ tǊƻŦΦ {Φ {ŎƘǊŜƛōŜǊ ŀǘ ǘƘŜ άLƴǎǘƛǘǳǘ ŦǸǊ ƪƭƛƴƛǎŎƘŜ 

aƻƭŜƪǳƭŀǊōƛƻƭƻƎƛŜέ όLYa.Σ /ƘǊƛǎǘƛŀƴ !ƭōrechts University, Kiel, Germany). Samples were puri-

fied (2.6.4ύ ŀƴŘ ŀŘƧǳǎǘŜŘ ǘƻ ŀ 5b! ŎƻƴŎŜƴǘǊŀǘƛƻƴ ƻŦ млл ƴƎκ˃[ όǇƭŀǎƳƛŘǎύ or 120 ng/µl (cos-

mids) in H2Obidest. Then, 3 µl of DNA were mixed with 1 µl of primer (4.8 µM). According to the 

manufacturer´s instructions, a reaction mixture was added. An ABI 3730XL DNA analyzer (Ap-

plied Biosytems/Life technologies, Darmstadt, Germany) was used based on the Sanger tech-

nique (Sanger et al. 1977). 

2.6.11.2 454 sequencing 

Sequencing of entire cosmids was accomplished by M. Schilhabel in the group of Prof. S. 

Schreiber at the IKMB (2.6.11.1) with a 454 FLX sequencer system (Roche 454, Branford, USA). 

The pyrosequencing technique is based on de novo sequencing by a whole shotgun approach 

(Ronaghi et al. 1998). Isolated DNA with a ƳƛƴƛƳǳƳ ŎƻƴŎŜƴǘǊŀǘƛƻƴ ƻŦ олл ƴƎκ˃[ ŀƴŘ ŀƴ ƻǇǘƛŎŀƭ 

purity of E260/280 of 1.8-2.0 in H2Obidest was required. Fosmids were pooled in equimolar amounts 

and afterwards sequenced with the Roche FLX. 

Whole-genome sequencing was performed in the Göttingen Genomics Laboratory (G2L) in the 

working group of Prof. Rolf Daniel (Genomic and Applied Microbiology, University of Göttin-

gen) using the 454 FLX pyrosequencing system (Roche 454, Branford, USA). The isolated DNA 

provided for sequencing was used to create 454-shotgun and paired end libraries following the 

GS FLX general library protocol (Roche 454, Branford, USA). 
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2.7 {ǘŀƴŘŀǊŘ ǘŜŎƘƴƛǉǳŜǎ ŦƻǊ ǿƻǊƪƛƴƎ ǿƛǘƘ ǇǊƻǘŜƛƴǎ 

2.7.1 Induction 

Cultures were inoculated with 1-3% of an overnight culture and grown on a rotary shaker (200 

rpm). In order to find the optimal temperature for expression, different incubation tempera-

tures were tried out. Cultures were incubated at 37°C for 2-3 h, at 28°C for 3-4 h and at 17°C 

for 6- 8 h until an OD600 of 0.8 was reached. The production of the recombinant proteins by E. 

coli BL21 (DE3) was then induced by the addition of 0.1 to 1 mM isopropyl-beta-D-

thiogalactopyranoside (IPTG). The induced cells were then further incubated until a high cell 

density was reached (up to 4 h at 37°C and up to 18 h at 17°C). The temperature and concen-

tration of IPTG that brought the best yield of recombinant enzyme were applied in further 

expression studies.  

2.7.2 Preparation of crude cell extracts 

After incubation, the induced cultures were harvested by centrifugation (2.5.6). The pellets 

were resuspended in phosphate (PB) or lysis buffer (2 to 5 ml per g wet weight). Cells of pellets 

resulting from a culture volume bigger than 100 ml were disrupted in a French pressure cell 

(American Instrument Company, Silver Spring, MD, USA) with at least one repeating step in 

order to obtain a clear lysate. The cells burst through the high pressure within the pressure 

cell. High viscosity of the lysate due to genomic DNA was lowered by ultrasonication for 5 to 15 

min. This method was also applied for cell pellets resulting from culture volumes of less than 

100 ml with a sonotrode (ultrasonication processor UP 200S, 24 kHz, 200 W, Dr. Hielscher 

GmbH, Teltow, Germany). The cell suspension was sonicated on ice in an E-cup for 5 to 30 min 

(amplitude 50%, cycle 0.5) until the lysate visibly started to clear. Cellular debris was sedi-

mented by centrifugation at 13,000 rpm and 4°C for 20 min (centrifuge 5417R, Eppendorf, 

Hamburg, Germany). Larger volumes were harvested in a Sorvall RC6+ centrifuge (rotor SS-34; 

Thermo scientific, Braunschweig, Germany) at 13,000 rpm and 4°C for 20 min. The supernatant 

containing the proteins was transferred to a new E-cup or Falcon tube and stored at 4°C for up 

to two weeks and the cell pellet was discarded if not used for denaturing purification. 

0.1 M Phosphate buffer (PB) pH 7.0:  KH2PO4 aq (0.2 M)  39 ml 

K2HPO4 aq (0.2 M)  61 ml 

H2Obidest     ad 200 ml 
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0.1 M Phosphate buffer (PB) pH 8.0:   KH2PO4 aq (0.2 M)  5.3 ml 

K2HPO4 aq (0.2 M)  94.7 ml 

H2Obidest     ad 200 ml 

The pH was measured and if necessary adjusted with KH2PO4 aq (0.2 M) or K2HPO4aq (0.2 

M). 

Lysis buffer:   NaH2PO4 50 mM    NaCl  300 mM 

     Imidazole 10 mM 

The substances were solved in H2Obidest and pH was adjusted to 8.0 with NaOH. 

2.7.3 His6-tagged protein purification under native conditions by immobilized metal 

ion affinity chromatography (IMAC) 

Cell extracts of cultures containing six fold histidine (His6)-tagged proteins in the soluble frac-

tion were prepared in lysis buffer (2.7.2) and were incubated with 1 ml of Ni-NTA agarose (Ni-

NTA coupled to sepharose, QIAGEN, Hilden, Germany) per 4 ml of lysate. The His6-tagged pro-

teins bound to the matrix at 4°C on a rotary shaker (200 rpm) for 2 h to overnight. The sample 

was loaded on a column and the flow through was collected for analysis. Two washing steps 

with 4 ml of wash buffer followed before the His6-tagged proteins were eluted with 8 x 0.5 ml 

of elution buffer.  

Wash buffer:  NaH2PO4  50 mM   NaCl  300 mM 

Imidazole  20 mM 

Elution buffer:  NaH2PO4  50 mM   NaCl  300 mM 

Imidazole  250 mM 

Both solutions were solved in H2Obidest and pH was adjusted to 8.0 using NaOH. 

2.7.4 His6-tagged protein purification under denaturing conditions 

Some overexpressed proteins are deposited in inclusion bodies within the E. coli cells. In order 

to purify proteins from this insoluble fraction, cell lysates were made by resuspending the cell 

pellet in 5 ml of denaturing lysis buffer per gram wet weight. The cells were stirred for up to 60 

min at RT until the lysate turned clear. The lysate was centrifuged for 30 min at RT (13,000 

rpm, centrifuge 5417R, Eppendorf, Hamburg, Germany). The supernatant was incubated with 

Ni-NTA Agarose as described in 2.7.3 at RT and loaded on a column. The Ni-NTA agarose was 

washed twice with 4 ml of wash buffer. Elution of the recombinant protein was carried out 4-

times with 0.5 ml buffer E1 and 4-times with 0.5 ml buffer E2. All fractions were collected and 

analyzed by SDS-PAGE (2.7.7). 
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Lysis, wash and elution buffers E1 and E2 were all composed of  

NaH2PO4  100 mM     Tris  10 mM 

Urea   8 M      solved in H2Obidest. 

The pH of the lysis buffer was adjusted to 8.0 using NaOH. With HCl, the wash buffer was ad-

justed to pH 6.3, the elution buffer E1 to pH 5.9 and E2 to pH 4.5 before usage. 

 

2.7.5 Dialysis 

Dialysis was performed in order to change the buffer and thus to remove salts from the en-

zyme solution that may have a negative influence on further assays or stability. Protein con-

taining elution fractions (2.7.3) were combined and dialyzed against 0.1 M PB (pH 8.0) in a 

dialysis membrane (Membra-CelTM, MWCO 7,000, 22 mm diameter, Serva Electrophoresis 

GmbH, Heidelberg, Germany). Therefore, the membrane was prepared according to the manu-

facturer´s instructions and filled with the elution fractions. It was put in 1 l of PB and stirred 

slowly overnight on a magnetic stirrer at 4°C. The buffer was exchanged against fresh 0.1 M PB 

the next day and the proteins were dialyzed for another 2 h. Alternatively, the fractions were 

combined in a concentrator (Vivaspin20, MWCO 10,000, Sartorius Stedim Biotech GmbH, Göt-

tingen, Germany) and centrifuged with 5,000 rpm at 4°C in a Falcon centrifuge 5804R (rotor A-

4-44, Eppendorf, Hamburg, Germany). When only concentrated protein solution was remain-

ing above the filter membrane, the enzyme solution was washed twice with 2-4 ml of 0.1 M PB 

(pH 8.0) and finally diluted in PB to approximately 10 mg/ml of protein. 

2.7.6 Protein quantification (Bradford 1976) 

For the quantitative measurement of a protein concentration, the Roti®-Quant solution was 

applied (Carl Roth GmbH, Karlsruhe, Germany) according to the manufacturer´s protocol. The 

anionic dye Coomassie Brilliant Blue G250 within the solution binds to positively charged ami-

no acids of the proteins and thus a color change reaction takes place. By this, the protein con-

centration was measured after an incubation of 5 min in the dark in a photometer 

(SmartSpecTM Plus, BIO RAD, Hercules, CA, USA) at 595 nm against a protein free blank with 

buffer. The extinctions were compared with a standard curve made with concentrations of BSA 

between 0.2 and 1 mg/ml as a reference protein, so the concentrations could be calculated. 
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2.7.7 SDS-polyacrylamide gel electrophoresis (SDS-PAGE; Laemmli 1970) 

The protein solutions were analyzed by SDS-PAGE. SDS is an anionic amphipathic substance 

that binds to polypeptides. It acts denaturing and confers an almost evenly distributed charge. 

The denatured proteins can migrate in the electromagnetic field through the matrix. The elec-

trophoretic mobility is dependent on a function of the length of a polypeptide chain and its 

charge. Smaller polypeptides move faster through the matrix than bigger ones. The Mini-

Protean equipment (BioRad, Munich, Germany) was used for preparing the gels and for carry-

ing out the electrophoresis. 

2.7.7.1  Preparation of denaturing SDS-polyacrylamide gels  

Usually, discontinuous gels with a 7% stacking gel and a 12 or 15% separating gel were pre-

pared. After cleaning both with 70% EtOH, a spacer plate was put together with a short plate 

and arrested in a casting frame. The glass plate sandwich was clamped in a casting stand and 

loaded with approximately 5 ml of separating gel (Table 9). The gel was overlaid with a thin 

wall of water in order to get a smooth gel surface and to ensure almost anoxic polymerization. 

After ca. 30 min, the water was removed with a tissue and the stacking gel (Table 9) was ap-

plied on the separating gel. A comb with 10 molds was set in the stacking gel before its 

polymerization. After ca. 20 min, the comb was removed and the gel ready for electrophoresis. 

Separating gel stock solution:   Tris   1.5 M   SDS   0.4% (w/v) 

         H2Obidest  ad 250 ml   pH 8.8 

Stacking gel stock solution:    Tris   0.5 M   SDS  0.4% (w/v) 

         H2Obidest  ad 100 ml   pH 6.8 

Acrylamide stock solution: Rotiphorese® Gel 40 with bisacrylamide (19:1; Carl 

Roth GmbH, Karlsruhe, Germany) 

Ammonium persulfate (APS):   10% (w/v) in H2Obidest 
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Table 9. Pipetting scheme for SDS polyacrylamide gels. 

 Separating gel 

12%                               15% 

Stacking gel   

7% 

Acrylamide stock solution 3.0 ml    3.75 ml 0.7 ml 

Separating gel stock solution 2.5 ml   2.5 ml /  

Stacking gel stock solution /    /  0.96 ml 

H2Obidest 4.5 ml   3.75 ml 2.34 ml 

TEMED 9 µl   11 µl 6 µl 

APS 45 µl   55 µl 20 µl 

Total volume 10.054 ml  10.066 ml 4.026 ml 

 

After the glass plates with the SDS-gel were put into a Mini-Protean (BioRad, Munich, Germa-

ny) inner chamber they were put horizontally into an electrophoresis tank which was filled 

with running buffer. 

Running buffer (10 x):    Tris   30.3 g   Glycine  144.1 g 

SDS   10 g   H2Obidest  ad 1l 

2.7.7.2  Sample preparation for SDS-PAGE and electrophoresis conditions 

Samples were mixed 4:1 with denaturing loading dye and incubated at 95 °C for 5 min. After 

centrifugation at 13,000 rpm for 2 min in a minispin centrifuge (Eppendorf, Hamburg, Germa-

ny), samples were applied in the molds of the SDS-gel. 

Loading dye: Glycerol   50% (v/v)     Dithiothreitol (DTT) 100 mM 

   SDS     4% (w/v)     Bromphenol blue  0.02% (w/v) 

   Tris-HCl (pH 6.8)  150 mM     EDTA     1 mM 

   NaCl    30 mM      H2Obidest    ad 10 ml 

 The loading dye was stored as aliquots of 1 ml at -20°C. 

When two gels were running in parallel, amperage of 40 mA was set until the dye front passed 

the stacking gel. The power was supplied by a PowerPacTM Basic (BioRad, Munich, Germany). 

The samples passed through the separating gel with 60 mA. For only one gel, the amperage 

was lowered to 20 mA and 30 mA, respectively, until the dye front reached the end of the gel. 
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2.7.7.3  Coomassie staining of proteins and estimation of molecular weight 

After electrophoresis, the SDS-gels were stained overnight with Coomassie Brilliant Blue R250 

(Gerbu Biotechnik GmbH, Gaiberg, Germany) that binds non-specifically to proteins.  

Staining solution (1 l):  Coomassie Brilliant Blue R-250 (10% solution) 4 ml  

Methanol           0.4 l 

Acetic acid           0.1 l 

 H2Obidest           0.5 l  

The gel was discolored for a few hours with 20% acetic acid so separate blue protein bands 

were visible. The protein bands were compared with the bands of a protein molecular weight 

marker (#SM0431, #SM0661, #SM0671, Fermentas, St.Leon-Rot, Germany) that was also ap-

plied on each SDS-gel. 

2.7.8 Transfer of proteins on nitrocellulose membranes (Western Blot; Towbin et 

al. 1979) 

Western immunoblotting was accomplished in order to detect His6-tag purified proteins with 

penta-His- (His5-) specific antibodies. After SDS-PAGE (2.7.7), proteins and a prestained molec-

ular weight marker (# SM0671, Fermentas, St. Leon-Rot, Germany) were transferred on a ni-

trocellulose membrane by semi -dry transfer electrophoresis. Therefore, the SDS-gel was 

covered carefully with a nitrocellulose membrane and laid in between 6 wet sheets of What-

man-paper. The gel and membrane sandwich was laid between two sponges and arrested hor-

izontally in a blotting cassette (Trans-Blot SD cell, BioRad, Munich, Germany) and put into an 

electrophoresis tank. The SDS-gel on the side of the cathode and the nitrocellulose membrane 

on the anode side, the tank was filled half-full with transfer buffer.  

Transfer buffer:   Tris     125 mM   Glycine  192 mM 

     Methanol (100%) 20% (v/v)   H2Obidest  ad 1 l 

 The pH was adjusted to 8.6 and the buffer stored at 4°C. 

With a power supply (PowerPacTM Basic, BioRad, Munich, Germany), the proteins were trans-

ferred on the membrane with 5 mA/cm2 (ca. 300 mA) for 90 min. 

2.7.8.1  Immunodetection of six fold histidines  

After blotting, the membrane was washed twice with TBS buffer (100 mM Tris, 0.9% (w/v) 

NaCl, pH 7.5) for 10 min. In order to block unspecific binding-sites, the membrane was incu-

bated overnight at RT in 5% milk powder solution made with TBST buffer (100 mM Tris, 0.9% 
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(w/v) NaCl, 0.1% (v/v) Tween-20, pH 7.5). The next day, the membrane was washed three 

times with TBST for 5 to 10 min. Then, the membrane was incubated with the primary His5-

antibodies (dissolved 1:5,000 in TBST; polyclonal from rabbit, MoBiTec, Göttingen, Germany) 

for at least 1 h to overnight at 4°C. Afterwards, the membrane was washed three times with 

TBST for 10 min each. The secondary anti-rabbit IgG antibodies were supplied as a conjugate 

with alkaline phosphatase (dissolved 1:10,000 in 5% milk powder solution, derived from goat, 

Sigma, Munich, Germany) and incubated together with the membrane for 1 h at RT so that 

they could bind to the primary antibodies. The membrane was washed again three times with 

TBST for 10 min. Finally, the detection of the His-tagged proteins was possible by the reaction 

of the alkaline phosphatase bound to them. The membrane was equilibrated against detection 

buffer (100 mM Tris-HCl, 100 mM NaCl, pH 9.5) for 3 min. In 10 ml of BCIP/NBT-staining solu-

tion, the membrane was incubated without light until signals were visible as dark-brown pre-

cipitated substrate. The reaction was stopped by washing the membrane with water. 

 BCIP/NBT-staining solution:  NBT-solution (75 mg/ml NBT in 70% DMF)   66 µl 

         BCIP-solution (50 mg/ml BCIP in 100% DMF)  33 µl 

         Detection buffer        ad 10 ml 

2.7.9 Lyophilization  

In order to store enzyme for longer periods (> 3 weeks) at 4°C, the dialyzed solution was frozen 

and subsequently dried overnight in a freeze-drying machine (Alpha 1-4 Loc-1M, Martin Christ 

GmbH, Osterode am Harz, Germany). 

2.8 9ƴȊȅƳŜ ŀǎǎŀȅǎ 

2.8.1 Tributyrin (TBT) agar plate assay 

E. coli clones were tested for lipolytic activity by transferring them on LB agar plates containing 

1% tributyrin (TBT) as indicator substrate. For the preparation of the medium, LB agar was 

prepared and heated in a microwave. Then, the TBT was added and the medium was homoge-

nized for 3 min with an ULTRA TURRAX® T18 basic homogenizer (IKA WORKS Inc., Wilmington, 

NC, USA). The agar was autoclaved immediately and the plates were prepared as soon as pos-

sible to avoid TBT drops. Active clones hydrolyze TBT, butyric acid is being released and the 

colonies show the formation of clear halos surrounding them after growth for one night at 

37°C and a following incubation of 1-3 days at 56°C. Cosmid DNA was isolated from the posi-

tive clones obtained in the initial screening, retransformed in E. coli 5Iрʰ ŀƴŘ ǘƘŜ ǊŜǎǳƭǘƛƴƎ 
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clones were examined on the same type of indicator plates for esterase/lipase activity in order 

to avoid false positive clones due to contamination. Subclones and transposon mutant clones 

were also streaked onto LB-TBT agar plates and tested for hydrolytic activity. 

2.8.2 Para-nitrophenol (pNP) ester assay 

PNP esters are substrates that release chromogenic para-nitrophenol (=4-nitrophenol or pNP) 

when the ester bond to a fatty acid is being hydrolyzed by an esterase or lipase. Activity tests 

were performed by incubating the enzymes with 0.1 to 1 mM pNP substrate in 0.1 M potassi-

um phosphate buffer (PB, pH 8.0) at assay temperatures between 50 and 75°C, unless other-

wise indicated. Substrates with different acyl chain lengths were purchased at Sigma Aldrich 

(Munich, Germany): butyrate (C4), hexanoate (C6), octanoate (C8), decanoate (C10), dodecano-

ate (C12), myristate (C14), palmitate (C16) and stearate (C18). Stock solutions with each substrate 

were prepared with a 10 mM concentration in isopropanol and stored at 4°C for not more than 

4 weeks.  

The reaction was measured by quantification of the released yellow para-nitrophenol at 405 

nm in disposable cuvettes (Sarstedt, Nümbrecht, Germany) with 1 cm thickness using a spec-

trophotometer (SmartSpecTM Plus Spectrophotometer, BIO RAD, Hercules, CA, USA). The ex-

tinction was measured against an enzyme-free blank with the respective pNP ester. 

In order tƻ ŘŜǘŜǊƳƛƴŜ ǘƘŜ ŜȄǘƛƴŎǘƛƻƴ ŎƻŜŦŦƛŎƛŜƴǘǎ όʶύΣ ŎŀƭƛōǊŀǘƛƻƴ ŎǳǊǾŜǎ ǿŜǊŜ ƳŀŘŜ ǿƛǘƘ para-

nitrophenol concentrations ranging from 0.05 mM to 2 mM in PB with a pH of 7.0 and 8.0. At 

ǇI тΦлΣ ŀƴ ʶ ƻŦ млΣплл a-1cm-1 ŀƴŘ ŀǘ ǇI уΦлΣ ŀƴ ʶ ƻŦ мфΣпрп a-1cm-1 was assumed for all follow-

ing calculations. 

2.8.2.1  PNP ester assay with crude cell extracts of single clones 

Of single E. coli clones, crude cell extracts were prepared in PB pH 7.0 or 8.0 (2.7.2). In E-cups, 

20 to 40 µl of crude cell extract were mixed with a pNP substrate which was diluted to a final 

concentration of 0.5 to 1 mM in 0.1 M PB (pH 7.0 or 8.0). The total volume of 500 µl was incu-

bated at the desired temperature for up to 20 min. In order to avoid false-positive clones, an E. 

coli clone with an empty vector was tested in parallel. After incubation, the samples were cen-

trifuged at 13,000 rpm and 2°C for 5 min in a centrifuge 5804R (Eppendorf, Hamburg, Germa-

ny). The extinction of the supernatant was measured at 405 nm in one way cuvettes (1 cm 

thickness, Sarstedt, Nümbrecht, Germany), if necessary diluted with ice-cold PB against en-

zyme free blank.  
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2.8.2.2  PNP ester assay in a microtiter plate scale 

In a microtiter plate scale, clones were grown in a 96 deep-well plate containing 1.2 ml of LB 

with ampicillin per well. After incubation for 16 to 24 h at 37°C and 250 rpm, cells were har-

vested by centrifugation (centrifuge 5804R, Eppendorf, Hamburg, Germany) and the superna-

tant was discarded. Cells were lysed during 1 h incubation at 37°C with 125 µL/ well of lyso-

zyme (10 mg/ml) containing phosphate buffer pH 8.0. Cell debris was collected by a centrifuga-

tion step (5,000 rpm, 20 min, 4°C; centrifuge 5804R, Eppendorf, Hamburg, Germany). From the 

deep-well plate, 10 µl of crude cell extract were transferred to a 96 well microtiter plate and 

incubated with 190 µL of phosphate buffer (pH 8.0) that contained either 1 mM pNP butyrate 

or dodecanoate in order to screen enzymes that are active on long- or short-chain esters. The 

samples were incubated for 30 min at 56°C and subsequently, the extinction of the cleaved 

para-nitrophenol was measured in a microtiter plate spectrophotometer (Benchmark, Bio-Rad, 

Hercules, CA, USA) at 405 nm against enzyme free blank. 

2.8.2.3  Activity assays with purified enzymes using pNP substrates 

With purified and dialyzed enzymes it was possible to calculate specific activities based on the 

Lambert-Beer law expressed in units. One unit is defined as the amount of enzyme that cata-

lyzes the appearance of 1 µmol para-nitrophenol per min at conditions described below.  

Usually, up to 1 µg of enzyme was applied per reaction in order to get a clear result. After in-

cubation, the reaction was stopped by adding 0.2 M (final concentration) Na2CO3. The reaction 

mixture was centrifuged (centrifuge 5804R, Eppendorf, Hamburg, Germany) at 13.000 rpm and 

2°C for 5 min, in order to sediment turbid particles that interfere in the measurement of the 

extinction that was carried out in one-way cuvettes (Sarstedt, Nümbrecht, Germany) with 1 cm 

thickness using a spectrophotometer (SmartSpecTM Plus Spectrophotometer, BIO RAD, Hercu-

les, CA, USA) against an enzyme-free blank.  

2.8.2.3.1 Substrate specificity 

In order to find out if the enzymes are active on short or long-chain fatty acid esters, they were 

incubated with pNP butyrate (C4), hexanoate (C6), octanoate (C8), decanoate (C10), dodecano-

ate (C12), myristate (C14), palmitate (C16) and stearate (C18). The substrates had a final concen-

tration of 1 mM and the incubation took place at the optimal temperature (2.8.2.3.2) depend-

ing on the enzyme for exactly 10 min. The reaction was stopped with Na2CO3, the samples 

were centrifuged and subsequently measured against an enzyme free blank with the respec-

tive substrate. The pNP-reaction that showed the highest E405 value was the optimal substrate 

for the enzyme. 
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2.8.2.3.2 Temperature optimum 

Temperature optima of the enzymes were determined with pNP decanoate or dodecanoate as 

substrates at temperatures ranging from 10°C to 90°C, as these substrates are not showing 

auto-hydrolysis at elevated temperatures. In E-cups, the enzymes were preincubated in PB (pH 

8.0) at the given temperatures for 2 min. The enzyme reaction was started by the addition of 

the substrate to a final concentration of 1 mM. The reaction was stopped after exactly 10 min 

with Na2CO3. The highest E405 value could be measured at the optimal temperature for the 

enzyme. 

2.8.2.3.3 Temperature stability 

To study the stability against thermal denaturation, the enzymes were incubated in aliquots at 

50, 60, 70 or 90°C for up to 72 hours. When the incubation time was over, the enzyme solu-

tions were stored at 4°C until their residual activity was measured with pNP dodecanoate or 

decanoate. Therefore, PB (0.1 M, pH 8.0) containing substrate solution (1 mM final concentra-

tion) was added to the enzyme solutions to final volumes of 500 µl. The reaction mixtures 

were incubated at the optimal temperature of the enzyme for 20 min. The resulting E405 values 

were compared and set in relation to the initial enzyme activity. 

2.8.2.3.4 pH-optimum and -stability 

The pH optimum was investigated by incubation of the enzymes in buffers at different pH ad-

justments [pH 5-5.6, citrate buffer (0.05 M); pH 5.6-8, PB (0.1 M); pH 8-9, Tris-HCl (0.1 M); pH 

9-10.6, glycine/NaOH (0.1 M)]. Enzyme activity was assayed using pNP octanoate or decanoate 

as substrate for 5 min at the optimal temperature of each enzyme. The reaction was measured 

spectrophotometrically at 405 nm against an enzyme free blank for each pH value containing 

the respective substrate. 

2.8.2.3.5 Effect of metal ions, inhibitors, detergents and solvents  

The enzymes were tested for their stability and activity in the presence of metal ions, inhibi-

tors, detergents and solvents. After 1 h incubation with these substances at RT, their residual 

activity was determined by using pNP octanoate or dodecanoate as substrates and incubation 

for 10 min at each enzyme´s optimal temperature. Extinction of pNP was measured in a pho-

tometer at 405 nm against enzyme-free blanks that also contained the respective additives. 

The activities were compared with metal-, inhibitor-, detergent- and solvent-free controls. 

As metal ions, Ca2+, Co2+, Cu2+, Fe3+, Mg2+, Mn2+, Rb2+ and Zn2+ were tested with a concentration 

of 1 and 10 mM in 0.1 M PB pH 7.0.  
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EDTA, DTT and PMSF were used as enzyme activity inhibiting substances with 1 and 10 mM 

concentration in 0.1 M PB pH 8.0.  

In order to measure the stability against detergents, SDS, Triton X-100 and Tween 80 were 

applied with 1 and 5% concentration (w/v, v/v) in 0.1 M PB pH 8.0.  

The stability of the enzymes was tested in the presence of the following solvents: DMSO, iso-

propanol, methanol, DMF, acetone, acetonitrile and ethanol with a final concentration of 10% 

and 30% (v/v) in 0.1 M PB pH 8.0.  

 

2.8.2.3.6 Kinetic studies 

In order to characterize the kinetic behavior of the enzymes, pNP substrate concentrations 

between 0.1 and 1 mM were tested by incubation at the optimal reaction temperature of the 

enzyme for 10 min. The three substrate concentrations where the best results could be meas-

ured were used for further studies. In a total volume of 1.2 ml, 0.1 M PB (pH 8.0) and pNP sub-

strate were mixed and preincubated for 5 min at the optimal temperature of the enzyme. The 

reaction started when 5 µl of enzyme solution (approximately 1 µg) was added to the reaction 

mixture and the E-cup was vortexed. Immediately after the enzyme was added as well as 1, 2, 

4, 6 and 10 min later, 200 µl samples were taken and stopped in an E-cup containing 50 µl of 1 

M Na2CO3. The samples were incubated on ice until centrifugation (13,000 rpm, 2°C, 2 min). 

The reaction was measured at 405 nm against enzyme-free blank. With the E405 values, it was 

possible to calculate the specific activity (Units/mg of protein) as well as vmax, Km and kcat
 after 

Lineweaver-Burk, Eadie-Hofsteen or Hanes. The catalytic efficiency of an enzyme is expressed 

as kcat/Km. 

 

2.8.2.3.7 Activity on other pNP and methylumbelliferyl (MU) esters 

Lƴ ŀŘŘƛǘƛƻƴ ǘƻ ǘƘŜ άǎƛƳǇƭŜέ ŀŎȅƭ ŎƘŀƛƴǎ ƻŦ ǘƘŜ pNP esters mentioned in 2.8.2.3.1, the substrate 

range of the enzymes was also tested with the following pNP esters in a final concentration of 

0.5 mM in PB (0.1 M, pH 8.0): 2-phenylpropanoate [racemic mixture (rac)], 3-phenylbutanoate 

(rac), cyclohexanoate, 2-(3-benzoylphenyl) propanoate (=ketoprofen), 2-naphthoate, 1-

naphthoate, adamantanoate and 2-(4-isobutylphenyl)-N-(4-nitrophenol) propanamide. Activity 

was measured at 405 nm after 10, 20 and 30 min incubation at 50 or 70°C.  
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Table 10. Chemically and pharmaceutically relevant pNP substrates used in this study. The pNP residue 

is represented by R
1
. 

R
1
 = para-nitrophenol -  

 

2-phenylpropanoate (rac) 

 

3-phenylbutanoate (rac) 

 
cyclohexanoate 

 

2-(3-benzoylphenyl) propanoate 
(=ketoprofen) 

 

2-naphthoate 

 

1-naphthoate 

 
adamantanoate 

 

2-(4-isobutylphenyl)-N-(4-nitrophenol) pro-
panamide (=ibuprofenmide) 

 

In order to assay (R)- or (S)- selectivity of the enzymes, activity on chiral pNP and MU esters 

was tested with (S)-/(R)-2-methyldecanoic acid ester, (S)-/rac-/(R)-2,3-dihydro-1H-indene-1-

carboxylate (indancarboxylic acid ester), (S)-/rac-ibuprofen-ester and (S)-/rac-/(R)-naproxen-

ester (Table 11). Enzyme activity on pNP esters (0.33 mM final concentration, ʁ  = 7,392 M-1 cm-

1) was measured at 410 nm after incubation at 60 and 65°C, while activity on MU esters (0.03 

mM final concentration) was measured after excitation at 360 nm by detection of fluorescence 
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at 465 nm. One unit is defined as the amount of enzyme that catalyzes the appearance of ei-

ther 1 µmol para-nitrophenol or methylumbelliferone per min.  

Table 11. Chiral substrates used in this study. The residue R
1
 of the compounds can either be pNP or 

MU. The asterisk indicates the stereogenic center. 

R
1
 = para-nitrophenol -  R

1
 = methylumbelliferyl -  

 

2-methyldecanoic acid ester 

 

2,3-dihydro-1H-indene-1-carboxylate  

(= indancarboxylic acid ester) 

 

ibuprofen ester 

 

naproxen ester 

2.8.3 HPLC-analysis of LipS 

HPLC (high performance liquid chromatography) analysis was carried out in cooperation with 

the IBOC (Institute for Bioorganic Chemistry, Heinrich Heine University Düsseldorf, Research 

Center Jülich, Germany) within the group of Prof. Jörg Pietruszka. To determine enantioselec-

tivity referring to the pNP ester and the phenyl ester, kinetic resolution has been carried out in 

an analytical scale: 17.32 ml of PB (0.1 M, pH 8.0) were mixed with 2 ml DMSO and 0.66 ml of a 

substrate stock solution (10 mM in DMSO). 652 µg freeze-dried LipS (2.7.9) were added and 

the reaction was mixed at 60°C for 30 min. The reaction was stopped by adding 8 ml 2 M HCl 

and uninterrupted extracting with 2-times 20 ml of methyl tert-butyl ether followed. The sol-

vent was removed by reduced pressure. The extracted ibuprofen was converted to the corre-

sponding methyl ester by addition of a 0.5 M diazomethane solution in diethyl ether. The sol-

vent was removed by reduced pressure. The ee was determined by HPLC (Dionex) using a chi-

ral stationary phase: Chiralpak IA (Daicel), 99.8:0.2 (n-heptane:isopropanol), 0.5 ml/min, 

225 nm, tR(S)=10.23 min, tR(R)=11.17 min. The ee of the phenyl ester was determined using the 

same conditions as the methyl ester [tR(S)=16.32 min, tR(R)=18.07 min]. Because the enantio-

mers of the pNP ester could not be separated by chiral HPLC, the ee was determined by meas-

uring the g factor (dissymmetry factor) with achiral HPLC with circular dichroism (CD) detector 



Materials and methods  44 

(Salvadori et al. 1991; Reetz et al. 2000; Hamzic et al. 2011): Column: Hyperclone ODS C18, 

conditions: 90:10, CH3CN:H2O, 0.5 ml/min, 220 nm, tR(ibuprofen)=2.7 min, 

tR(pNP ester)=4.5 min. Calculation of the enantioselectivity (E) value and the conversion (c) 

was performed by the method of Faber et al. (Kroutil et al. 1997). 

2.8.4 Titration assays 

Tributyrin, triolein and polyglycerol-3-laurate were chosen as substrates to study activity on 

triglycerides using a titrator (Titrando, Metrohm, Filderstadt, Germany) and the pH-stat meth-

od. The substrate concentrations of the triglycerides ranged from 5 to 50 mM and of polyglyc-

erol-3-laurate from 0.5 to 7.5% (w/v) in 2 mM Tris-HCl buffer pH 7.0. In order to compensate 

the pH of the solution that is decreasing during the hydrolysis reaction because of the liberat-

ed free fatty-acids, 20 mM KOH solution was added in order to keep the pH at 7.0. The reac-

tion was performed at 60°C in order to avoid autohydrolysis of the substrates that occurs at 

higher temperatures. It was carried out for at least 5 min before the enzyme was added in 

order to have a control rate. The amount of 20 mM KOH solution that had to be added was 

used to calculate the specific activity expressed as units per milligram of enzyme (U/mg). One 

unit was the amount that produces 1 µmol of fatty acid per minute under the specified assay 

conditions. 

2.8.5 Propyl laurate esterification assay 

The propyl laurate assay was applied with 1-propanol and lauric acid as well as 1-tetradecanol 

and myristic acid as substrates for LipS. Both reactants were incubated in equimolar conditions 

(20 mmol) at 70°C together with 15 mg of lyophilized enzyme in a bottle under slow rotation. 

After 0, 24 and 48 h, samples of 0.5 g were taken and the acid value of the reaction mixture 

was determined by titration. Therefore, the samples were solved in 20 ml of toluol and phe-

nolphthalein as pH indicator was added. Then, titration was carried out with 0.5 M KOHethanol 

until the pH indicator changed its color. As a control, the acid values of a control without en-

zyme were also tested. The acid values (AV) were calculated and used for the determination of 

propyl laurate/tetradecyl myristate units (PLU/MMU) per mg of enzyme (Equation 3-5). One 

unit was defined as 1 µmol of propyl laurate or tetradecyl myristate formed per minute by the 

enzyme under above mentioned assay conditions. 

!ÃÉÄ ÖÁÌÕÅ  
     

 
         (3) 

(M, molecular weight [g/mol]; N, molarity; V, volume [ml], W, weight [g]) 
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9ǎǘŜǊ ώ҈ϐ
  

Ȅ млл# Ø ρππ                                                  (4) 

(AV t0, acid value after 0h; AV t1, acid value after 24 or 48 h; C, conversion)  

!ÃÔÉÖÉÔÙ 5ȾÍÇ
   

  
          (5) 

(M, molecular weight [mmol]; C, conversion; W, weight of enzyme [mg]; t, time [min]) 

2.8.6 Enzyme-catalyzed kinetic resolution of four acetates of secondary alcohols 

The research on the resolution of the acetates of secondary alcohols was accomplished in the 

working group of Prof. Uwe Bornscheuer (Institute of Biochemistry, Dept. of Biotechnology & 

Enzyme Catalysis, Greifswald University, Germany). Three racemic acetates, i. e. 1-phenyl-1-

propyl acetate, 1-phenyl-2-butyl acetate and 1-phenyl-2-pentyl acetate, were synthesized from 

the corresponding racemic alcohols (Musidlowska et al. 2001; Musidlowska-Persson and 

Bornscheuer 2002) except for 1-phenyl-1-ethylacetate, which was commercially available 

(Fehler! Ungültiger Eigenverweis auf Textmarke.). For the kinetic resolution, 10 mM acetate 

were added to a 1 ml solution containing 0.25 mg pure enzyme dissolved in PB (0.1 M, pH 7) 

and were mixed in a thermoshaker (Eppendorf, Hamburg, Germany) at 13,000 rpm and 70°C. 

Samples of 100 µl were taken at different time intervals and extracted twice with (100 µl) di-

chloromethane. The combined organic layers were dried over anhydrous sodium sulfate and 

the organic solvent was removed in a nitrogen stream. The ee of substrate and product were 

determined by gas chromatography [GC, Shimadzu GC-14A gas chromatograph, column: hep-

takis(2,6-O-methyl-3-O-pentyl)-beta-cyclodextrin (Machery-Nagel, Düren, Germany); carrier 

gas: H2; flame ionization detector] as described earlier (Musidlowska et al. 2001). The reten-

tion times were as follows: 1-phenyl-1-propyl acetate tR(S)= 5.7 min, tR(R)= 6.9 min; 1-phenyl-

1-propanol tR(S)= 11.8 min, tR(R)= 12.7 min; 1-phenyl-1-ethyl acetate tR(S)= 3.9 min, tR(R)= 5.3 

min; 1-phenyl-1-ethanol tR(S)= 6.2 min, tR(R)= 6.8 min; 1-phenyl-2-butyl acetate tR(S)= 17.5 

min, tR(R)= 19.3 min; 1-phenyl-2-butanol tR(S)= 21.9 min, tR(R)= 23.6 min; 1-phenyl-2-pentyl 

acetate tR(S)= 31.5 min, tR(R)= 31.9 min; 1-phenyl-2-pentanol tR(S)= 37.5 min, tR(R)= 37.5 min. 

Enantioselectivity and conversion were calculated from the ee of substrate and product ac-

cording to Chen et al. (Chen et al. 1982).  

  A)        B)           C)       D) 

 

 

 

Figure 4. Acetates of secondary alcohols for kinetic resolution. A) 1-phenyl-1-propyl acetate; B) 1-

phenyl-1-ethyl acetate; C) 1-phenyl-2-butyl acetate; D) 1-phenyl-2-pentyl acetate.      
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2.9 /ǊȅǎǘŀƭƭƛȊŀǘƛƻƴ  

Crystallization, resolution and analysis of the crystal structure of LipS were accomplished in the 

X-ray Crystallography laboratory of Dr. Jochen Müller-Dieckmann (EMBL Hamburg Outstation, 

c/o DESY, Hamburg, Germany).  

In order to follow different approaches, three constructs of lipS were overexpressed (2.7.1) in 

E. coli BL21 (Fersini et al. 2012).  LipS-His6 was expressed from lipS::pET-21a (Table 4) including 

C-terminal His6-tag, purified (2.7.3) and applied for crystallization experiments. Additionally, 

lipS was cloned into pETM11 in its full length (amplification with the primers lipS::pETM11+26 

for and lipS::pETM11 rev) and lacking 26 N-terminal amino acids (amplification with the pri-

mers lipS::pETM11-26 for and lipS::pETM11 rev). As this vector provides an N-terminal His6-tag 

coding region and a TEV-protease cleavage site (Table 3), the His6-tag can be removed by di-

gestion from the overexpressed LipS-WT. Further details concerning any conditions are de-

scribed in Fersini et al. 2012. 

LipS was crystallized and crystallographic data sets were collected (Fersini et al. 2012; Chow et 

al. 2012). The structure of LipS-WT in space group (SG) P4 was solved by molecular replace-

ment (MR) using the structure of the carboxylesterase Est30 from Geobacillus stearother-

mophilus (PDB code 1TQH, 27% sequence identity) as a model. The search was carried out with 

Molrep (Vagin and Teplyakov 1997), which identified 4 molecules per asymmetric unit (a.u.), as 

expected from a Matthews parameter of 2.6 (Matthews 1968). Iterative cycles of manual re-

building in COOT (Emsley et al. 2010) with crystallographic refinement in Refmac5 (Murshudov 

et al. 1997) converged at a final model at 1.99 Å resolution of good quality. The last rounds of 

refinement were done without non-crystallographic symmetry (NCS) restraints and with indi-

vidual, isotropic B-factors. 

LipS-His6 with His6-tag at the C-terminus crystallized in SG P42212 and diffracted X-ray radiation 

to 2.08 Å resolution. Those data were phased by MR using the refined structure of LipS solved 

in SG P4. Crystals in this SG contained only 2 molecules per a.u.. 

The PyMOL software was used for structural alignment, analysis and visualization of protein 

structures (DeLano 2002). 

2.10 /ƭŀǎǎƛŦƛŎŀǘƛƻƴ ƻŦ [ƛǇ{ ŀƴŘ [ƛǇ¢ 

The classification of LipS and LipT into one of the existing lipase/esterase families was accom-

plished by Dr. Ulrich Krauss (IMET; Institute of Molecular Enzyme Technology, Heinrich Heine 

University Düsseldorf, Research Center Jülich, Germany).  
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Amino acid sequences of the eight major lipase/esterase families (Arpigny and Jaeger 1999) 

were obtained from the NCBI GenBank database (Chow et al. 2012). Independent alignments 

for all families were constructed using T-coffee (Notredame et al. 2000). All metagenome de-

rived lipase/esterase sequences were sorted into the eight families based on alignment scores 

and visual inspection of the respective alignments. Sequences homologous to LipS and LipT 

were retrieved from the NCBI GenBank database. Due to low sequence conservation between 

the different lipase/esterase sequence families, alignments were constructed independently 

using ClustalW2 multiple alignment (http://www.ebi.ac.uk/Tools/msa /clustalw2/) and were 

subsequently visualized with the software Mega 5.1 (http://www.megasoftware.net/). 

2.11 /ƻƳǇǳǘŀǘƛƻƴŀƭ ŀƴŀƭȅǎƛǎ 

Nucleotide and amino acid sequences were analyzed and processed with programs and data-

bases listed below. 

2.11.1 Programs 

¶ BioEdit (http://www.mbio.ncsu.edu/bioedit/bioedit.html) 

¶ Clone Manager Suite 7 (SciCentral Software, licenced) 

¶ Mega 5.1 (http://www.megasoftware.net/) 

¶ Quality One (Bio-Rad Laboratories, Munich, Germany) 

¶ Staden Package containing Pregap and Gap4 (http://staden.sourceforge.net/) 

2.11.2 Databases 

¶ BRENDA Enzyme database (http://www.brenda-enzymes.info/) 

¶ ClustalW2 multiple alignment (http://www.ebi.ac.uk/Tools/msa/clustalw2/) 

¶ IMG (integrated microbial genomes; https://img.jgi.doe.gov/cgi-bin/er/main.cgi)  

¶ Needle EMBOSS pairwise alignment (http://www.ebi.ac.uk/Tools/psa/) 

¶ NCBI Database (http://www.ncbi.nlm.nih.gov/) 

o BLAST Alignment tools (http://blast.ncbi.nlm.nih.gov/Blast.cgi) 

o GenBank® Sequence database (http://www.ncbi.nlm.nih.gov/genbank/) 

¶ Pfam (http://pfam.sanger.ac.uk/) 

¶ RCSB PDB (Protein Data Base; http://www.rcsb.org/pdb/explore.do) 

¶ Signal IP signal peptide prediction (http://www.cbs.dtu.dk/services/SignalP/) 

¶ UniProt (Swiss-Prot and TrEMBL, http://www.uniprot.org/) 
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3 wŜǎǳƭǘǎ 

3.1 9ƴǊƛŎƘƳŜƴǘ ŎǳƭǘǳǊŜǎΣ ŎƻƴǎǘǊǳŎǘƛƻƴ ƻŦ ƳŜǘŀƎŜƴƻƳƛŎ ƭƛōǊŀǊƛŜǎ ŀƴŘ 

ǎŎǊŜŜƴƛƴƎ ŦƻǊ ŎƭƻƴŜǎ ǿƛǘƘ ƭƛǇƻƭȅǘƛŎ ŀŎǘƛǾƛǘȅ 

The two enrichment cultures described in this section were analyzed and used for the con-

struction of metagenomic libraries within the Diploma thesis of Jennifer Chow (Chow 2008). 

The results are summarized briefly below together with the lipolytic clones that were found by 

screening the libraries (Chow 2008).  

3.1.1 Enrichment of soil and water samples on MSM supplemented with olive oil 

and pyruvate 

Soil and water samples were taken from ten different sites at the Botanical Garden in Klein-

Flottbek (Hamburg, Germany, 53°33´44.56´´N, 9°51´40.11´´E; Chow 2008). Six sites differed 

concerning the quality of the soil, the content of sand, humus and humidity. Water samples 

were taken from four different ponds. These environmental samples were pooled and the 

thermophilic bacteria they contained were successfully enriched under aerobic conditions at 

65°C on MSM (2.5.1) that was supplemented with vitamins as well as pyruvate and olive oil 

(2.4.4) as carbon sources for heterotrophic organisms. After three weeks of incubation, ge-

nomic DNA was isolated from the enrichment culture (2.6.1) and served as a template for PCR 

with primers that bind specifically to the 16S rRNA genes of bacteria or archaea (Table 5, 

2.6.10). In this way, the microbial community was characterized on a phylogenetic level by 

amplification of 16S rRNA genes with the primers 616V/1492R for bacteria and Arch20f/927R 

for archaea. No PCR product could be received by using the archaea-specific 16S rRNA gene 

primers. The PCR products obtained with the bacterial 16S rRNA primers were cloned into 

pDrive cloning vector (QIAGEN, 2.6.8.3.1) and sequenced (2.6.11.1) with the primers M13 for 

and rev (Table 5). The 20 sequences were processed (Gap4, 2.11.1) and analyzed by compari-

son with 16S rRNA gene sequences deposited in the NCBI database using BLAST (2.11.2; 

Altschul and Koonin 1998; Chow 2008). All of the sequences originated from members of Fir-

micutes. The majority, i. e. 16 of the 16S rRNA genes that were amplified, could be assigned to 

Symbiobacterium thermophilum strain IAM 14863 (NCBI acc. no. NC_006177, max. identity 95-

99%, E-values 0.0, see Figure 5). Two sequences were highly similar to a Geobacillus debilis 16S 

rRNA gene (NCBI acc. no. NR_029016.1, max. identity 93-97%, E-value 0.0), one to a 16S rRNA 
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gene from an uncultivated compost member of Clostridia (NCBI acc. no. FN667168, max. iden-

tity 92%, E-value 0.0) and one sequence was assigned to an uncultured member of Enterobac-

teriaceae (NCBI acc. no., JF733455.1, max. identity 92%, E-value 0.0). 

 

 

Figure 5. Phylogenetic composition of the soil and water enrichment culture based on comparison of 

amplified 16S rRNA gene sequences with sequences deposited in the NCBI database. 

3.1.2 Enrichment of Thermus sp. 

Another enrichment culture was prepared with water samples from a heating water system of 

the Biocenter Klein Flottbek (Hamburg, Germany). The enrichment was incubated at 75°C on 

Thermus medium (medium D; 2.5.1.2, 2.4.3; Chow 2008) under moderate aeration. After three 

weeks of incubation, cells were harvested and genomic DNA was isolated (2.6.1).  

Amplification of bacterial and archaeal 16S rRNA genes was carried out with the primer pairs 

616V/1492R and Arch20f/927R (Table 5). No product could be received with the primer pair 

that binds specifically to archaeal 16S rRNA genes. The amplified bacterial 16S rRNA genes 

were ligated into pDrive and sequenced (2.6.8.3.1, 2.6.11.1). Five sequences were processed 

and aligned with nucleotide sequences deposited in the NCBI database via BLAST-search 

(2.11.2; Altschul and Koonin 1998; Chow 2008). With high similarities, all sequences could be 

assigned to a Thermus scotoductus 16S rRNA gene (NCBI acc. no. EU330195.1, max. identity 

97%, E-value 0.0). 

3.2 /ƻƴǎǘǊǳŎǘƛƻƴ ƻŦ ƳŜǘŀƎŜƴƻƳƛŎ ƭƛōǊŀǊƛŜǎ  

The extracted DNA of both enrichment cultures was subsequently used for the construction of 

two large insert metagenomic libraries by using the vector SuperCos and E. coli Epi100 as het-

erologous host (2.6.9.4, 2.2). The library of the MSM-enrichment consisted of 6,500 clones. 87 

cosmids were analyzed after digestion with BamHI (2.6.8.1.2) and the insert rate was 96% 

(Chow 2008). The library of the Thermus-enrichment culture comprised 576 clones, of which 

28 analyzed cosmids had an average insert rate of 70%. The cosmids of both libraries had an 
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average insert size of 27.5 kb. With the equation of Seed et al. (Seed et al. 1982), the genome 

coverage of both libraries was calculated. Considering a mean genome size of 4 Mb for the 

MSM-enrichment (Symbiobacterium thermophilum: 3.57 Mb, Geobacillus sp. approx. 3.6 mb, 

Enterobacteriaceae bacterium approx. 4.70 Mb, Clostridia bacterium approx. 4.00 Mb), the 

library with a total of 38.38 Mb covers all four different genomes with 99.9% probability (Chow 

2008). The Thermus-library is large enough to cover 3.45 Mb and hence the genome of Ther-

mus scotoductus (2.35 Mb) with a probability of 99.9%, when assumed that it is the only occur-

ring species in the metagenomic library.  

3.3 {ŎǊŜŜƴƛƴƎ ŦƻǊ ŎƭƻƴŜǎ ǿƛǘƘ ƭƛǇƻƭȅǘƛŎ ŀŎǘƛǾƛǘȅ 

Screening of both libraries on TBT agar plates (2.8.1) only resulted in the identification of 

weakly positive clones that could not be verified. With the microtiter plate assay (2.8.2.2) per-

formed between 50 and 75°C and 4-nitrophenol (pNP) dodecanoate as substrate, four clones 

of the Thermus-enrichment library and six clones of the MSM-enrichment library showed veri-

fiable activity (Table 12; Chow 2008). These cosmid clones were further investigated and two 

of them described and characterized within this dissertation in detail in the following sections. 

One of these positive clones derived from the heating water enrichment library was designat-

ed pCos6B1 and the other clone from the soil and water samples enrichment library was called 

pCos9D12.  

3.4 {ŎǊŜŜƴƛƴƎ ƻŦ ƻǘƘŜǊ ƳŜǘŀƎŜƴƻƳƛŎ ƭƛōǊŀǊƛŜǎ ƻƴ ¢.¢ ŀƎŀǊ ǇƭŀǘŜǎ 

Six other metagenomic libraries constructed within the working group were also screened for 

clones with lipolytic activity. Most of the esterase- or lipase-positive clones were identified by 

using the TBT assay (2.8.1) as they showed clear halos surrounding the colonies on the turbid 

agar plate. The activity of some other clones was detected by using pNP esters of different C-

chain lengths (2.8.2.2). Table 12 gives an overview of the screening results. 

 

 

 



Results  51 

 

 

Table 12. Lipolytic clones from different metagenomes. 
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As far as possible, the clones were subcloned into the vector pTZ19R::CmR (2.6.9.5) or 

sequenced by 454- or Illumina-sequencing (2.6.11). Putative ORFs were searched (Clone Man-

ager, 2.11.1) and genes encoding h / -̡hydrolases, esterases or lipases were found by a BLAST-

comparison (2.11.2; Altschul and Koonin 1998) to sequences deposited in the NCBI database. 

The most promising genes with high similarity to putative esterases or lipases were amplified 

with specific primers (appendix) and cloned into pET-21a for protein expression in E. coli BL21 

(DE3) with subsequent His-tag purification (2.6.9, 2.7.3). Some of the purified enzymes, 

however, did not show verifiable lipolytic activity when tested on pNP substrates or TBT agar 

plates (see 3.5.3). 

3.5 /ƭƻƴƛƴƎ ŀƴŘ ƘŜǘŜǊƻƭƻƎƻǳǎ ŜȄǇǊŜǎǎƛƻƴ ƻŦ ƭƛǇƻƭȅǘƛŎ ŜƴȊȅƳŜǎ 

3.5.1 Subcloning of lipS and in vitro transposon mutagenesis of lipT 

The cosmids were isolated from the lipolytic clones pCos6B1 and pCos9D12 (2.6.2) and cut in a 

preparative digestion (2.6.8.1.2). The insert of pCos6B1 was cut into 5 fragments (9.0, 8.0, 4.0, 

3.5 and 2.5 kb) with EcoRI that altogether had a size of 27 kb. The 26.5 kb insert of pCos9D12 

was cut into 6 fragments with SacI (9.0, 8.0, 4.2, 2.3, 1.7, 1.3 kb). These DNA fragments were 

subcloned by ligation into pTZ19R::CmR (2.6.9.5). The plasmids were transformed into E. coli 

DH5h  (2.6.9.1) and the resulting subclones were tested for lipolytic activity on LB-TBT agar 

plates (2.8.1). One subclone of pCos6B1 designated AF7 showed activity on TBT after incuba-

tion at 37°C overnight and at 56°C for one day. Subsequently, a transposon mutagenesis was 

carried out with the isolated plasmid DNA of AF7 (2.6.9.6). Transposon mutant clones were 

selected on LB agar plates supplemented with kanamycin (2.4.4) and streaked out on TBT agar 

plates. In case the transposon inserted into the gene conferring lipolytic activity, the mutant 

clone did not show lipolytic activity on TBT agar, because the gene sequence could not be 

translated correctly. One mutant clone was tested negative on TBT and consequently, the in-

sert of this clone was partially sequenced by using transposon-specific primers (2.3, 2.6.11.1). 

The sequences were analyzed (2.11) and revealed an open reading frame (ORF) that was des-

ignated lipT. The subclones of pCos9D12 did not show lipolytic activity on TBT so that the in-

serts of the pTZ19R::CmR subclones had to be sequenced with vector specific primers 

(2.6.10.1). One sequence contained a part of a gene sequence that was designated lipS. As it 

was cut by the restriction endonuclease during subcloning, the ORF was completed by se-

quencing with gene specific primers using the cosmid clone as template. 
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3.5.2 Cloning of lipS and lipT into expression vectors 

The genes upstream and downstream of the putative hydrolases were analyzed by a NCBI 

BLASTX-search (2.11.2).  

Figure 6 illustrates the genes lipS and lipT in their genetic context. As the surrounding genes 

did not seem to have an influence on the enzymes, e.g. as maturation proteins, they were not 

considered as necessary for expression or activity and were not cloned. 

 

Figure 6. The genes lipS and lipT with their surrounding genes on the insert of the respective cosmids 

pCos9D12 and pCos6B1. pCos9D12: hyp, hypothetical protein, similarity to Symbiobacterium thermophi-

lum IAM14863 (GenBank acc. no. YP_075873, max. identity 98%, E-value 0.0); reg, two-component re-

sponse regulator variant, similarity to Symbiobacterium thermophilum IAM14863 (GenBank acc. no. 

YP_075875, max. identity 99%, E-value 1e
-81

). pCos6B1: cbs; CBS (cystathionine ̡  synthase) domain-

containing protein, similarity to Thermus sp. CCB_US3_UF1 (GenBank acc. no. AEV15940.1, max. identity 

93%, E-value 2e
-66

); hyp, hypothetical protein, similarity to Thermus scotoductus SA-01 (GenBank acc. 

no. YP_004201973.1, max. identity 87%, E-value 4e
-139

). 

The genes were amplified with specific primers (2.6.10.1) that contained NdeI restriction sites 

in the forward primers and HindIII sites in the reverse primers for directional cloning into the 

expression vector pET-21a. After PCR, the products were purified with a PCR clean-up kit 

(2.6.10.4) and ligated into pDrive (2.6.8.3.1). The plasmids were transformed into E. coli DH5h  

(2.6.9.1) and selected on LB agar plates containing ampicillin, IPTG and X-Gal (2.4.4). White 

colonies that were supposed to carry the genes were grown in 5 ml LB medium supplemented 

with ampicillin. The plasmids were isolated (2.6.3), digested with NdeI and HindIII (2.6.8.1.2), 

the resulting fragments gel-extracted (2.6.7), ligated into pET-21a (2.6.8.3.3) and transformed 

into E. coli BL21 (DE3) (2.6.9.1). The E. coli cells containing pET-21a and the respective genes 

were selected on LB agar plates with ampicillin, the plasmids were isolated (2.6.2) and their 

inserts were verified by direct colony PCR with gene specific primers (2.6.10.3). Additionally, 

the inserts were sequenced (2.6.11.1). 
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3.5.3 Cloning of esterase genes from active cosmid clones belonging to the 

Thermococcales consortium-library and expression and activity of the 

respective enzymes 

The Thermococcales library was constructed, analyzed and screened for lipolytic activity in the 

Diploma thesis of Thomas Meier (Meier 2009).  

In 2960 to 3060 m depth, samples were taken from low temperature diffuse emissions of a 

hydrothermal vent in the Logatchev Hydrothermal Field (Mid-Atlantic Ridge; мпϲпрΩbΣ 

ппϲруΩ²ύΦ ¢ƘŜȅ ǿŜǊŜ used as inoculum for a thermophilic enrichment culture that was grown 

anaerobically at 70°C and 200 rpm on MJ-medium (Sako et al. 1996) and consisted predomi-

nantly of species belonging to Thermococcales (Meier 2009). DNA was isolated from the en-

richment culture and a large-insert metagenomic library was constructed that comprised 8,500 

cosmid clones (Meier 2009). Screening on TBT agar plates did not result in reproducibly active 

clones (Meier 2009). In a microtiter plate screening with pNP dodecanoate as substrate 

(2.8.2.2), eight cosmid clones showed significant activity. These cosmid clones were subcloned, 

but the subclones derived from 61/B6, 62/E8, 69/D4, 70/F8 and 74/C11 showed low activity 

compared to an enzyme-free negative control when tested on long and short C-chain pNP es-

ter substrates at 50 to 90°C (data not shown). Nevertheless, the inserts of the subclones were 

sequenced while the sequences of the cosmids 71/G8, 73/E12 and 79/C1 were obtained en-

tirely by 454 sequencing (2.6.11.2; appendix). Subsequently, all sequences were analyzed by a 

BLAST search (BLASTX, 2.11.2) in comparison with sequences deposited at the NCBI database. 

Four of eight clones (70/F8, 71/G8, 73/E12 and 61/B6) contained genes with high similarities 

(E-values 6e-63 to 1e-113, max. identities 69 to 98%) to four different metallophosphoesterase-

genes of Thermococcus onnurineus NA1 (GenBank acc. no. ACJ16475.1 and AEK74001.1) and 

Thermococcus sp. 4557 (GenBank acc. no. AEK72907.1 and AEK72511.1). One clone (79/C1) 

showed similarity to a lysophospholipase-gene from Thermococcus sp. AM4 (GenBank acc. no. 

EEB74685.1, E-value 5e-150, max. identity 88%). For three clones (62/E8, 69/D4 and 74/C11), no 

significant homologies to a hydrolase-coding gene could be found. As far as an intact ORF with 

similarity to an esterase or lipase gene was maintained, the gene sequences (appendix) were 

amplified by PCR (2.6.10.2) and cloned into pET-21a for overexpression in E. coli BL21 (DE3; 

2.6.8.3, 2.7.1). The proteins were purified by Ni-ion chromatography (2.7.3) and the sizes of 

the protein bands compared to their estimated molecular weight after SDS-PAGE (2.7.7; data 

not shown). Expression of the respective genes of Est71/G8_1 (55.4 kDa), Est71/G8_2 (22.2 

kDa), Est73/E12 (18.7 kDa) and Est79/C1 (29.2 kDa) yielded the highest amounts of recombi-

nant protein when carried out at 17°C and 200 rpm after induction with 1 mM IPTG (2.7.1).  
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The enzymes were tested for activity in pNP tests (2.8.2.1) with pNP octanoate, decanoate and 

dodecanoate as substrates at 56 to 100°C. No significant activity could be measured for the 

crude cell extract of the subclones or for Est71/G8_1, Est71/G8_2, Est73/E12 and Est79/C1 

that were overexpressed in E. coli BL21 (DE3; data not shown). The results of the investigations 

are summarized in Table 13. 

 

Table 13. Putative positive clones from the Thermococcus library with their corresponding subclones 

and putative genes. 

Cosmid 

clone 

Insert 

(kb) 

Investigation type Subclone (insert 

kb) in 

pTZ19R::Cm
R 

Gene (kb) in 

pET-21a 

Activity 

61/B6 24.5 Subcloning     

(EcoRI) 

Est61B6 (3.5) /  low, pNP C12 at 70-

100°C 

62/E8 36 Subcloning  

(BamHI) 

Est62E8 (4.3) /  low, pNP C4 at 56°C 

69/D4 18 Subcloning     

(HindIII) 

Est69D4 (5.0) /  low, pNP C12 at 70-

100°C 

70/F8 19 Subcloning     

(HindIII) 

Est70F8 (2.4) /  low, pNP C4 at 56°C 

71/G8 >15 454 sequencing /  est71G8_1 

(1.5); 

est71G8_2 

(0.6) 

no activity 

73/E12 >15 454 sequencing /  est73E12 

(0.5) 

no activity 

74/C11 40 Subcloning     

(HindIII) 

Est74C11 (3.5)  /  low, pNP C12 at 70-

100°C 

79/C1 22.4 454 sequencing /  est79C1 (0.8) low activity 

 

As esterases and lipases from other libraries showed better activity, further investigation of 

these clones was postponed. 

3.5.4 Cloning, expression and activity of a lipolytically active fosmid clone from the 

river 9ƭōŜ ǎŜŘƛƳŜƴǘ ƭƛōǊŀǊȅ άDƭǸŎƪǎǘŀŘǘέ 

¢ƘŜ άDƭǸŎƪǎǘŀŘǘέ ƭƛōǊŀǊȅ ǿŀǎ ŎƻƴǎǘǊǳŎǘŜŘ ǿƛǘƘƛƴ ǘƘŜ 5ƛǇƭƻƳŀ ǘƘŜǎƛǎ ƻŦ {ǘŜŦŀƴƛŜ .ǀƘƴƪŜ 

(Böhnke 2010) with DNA that was isolated directly from marshland and sediment samples 

collected from the river Elbe estuary near GlücksǘŀŘǘ όпоϲ псΨпсΦммάbΣ фϲнпΨрлΦсфά9Τ Böhnke 
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2010). 5,000 fosmid clones were screened for esterase activity on LB-TBT agar plates (2.8.2.2; 

Böhnke 2010). For four out of five fosmid clones (Table 12) that showed activity, sequences 

could be obtained by 454 sequencing. One of these fosmid clones was designated 143/F5 and 

carried an ORF that showed low similarity to a putative hydrolase from Pelagibacterium halo-

tolerans B2 (GenBank acc. no. AEQ51793.1, E-value 9e-60, max. identity 46%) in a BLASTX 

search (2.11.2, appendix). The putative gene sequence was amplified by PCR with specific pri-

mers (appendix) and cloned into pET-21a (2.6.8.3.3). For optimal expression in E. coli BL21 

(DE3), the culture was incubated at 28°C after induction with 0.5 mM IPTG (2.7.1). The respec-

tive protein Est143/F5 was purified by Ni-ion affinity chromatography (2.7.3) and dialyzed 

(2.7.5). The protein concentration was determined using the Bradford protein assay (2.7.6) and 

its estimated size of 37.3 kDa was checked by SDS-PAGE (2.7.7, data not shown). After initial 

qualitative activity tests on pNP decanoate in 0.1 M PB (pH 8.0), the enzyme had the highest 

activity of 0.06 Units/mg (U/mg) after 15 min incubation at 45°C (2.8.2.1). As the enzyme 

Est143/F5 only showed relatively low activity, was not active above 45°C and probably worked 

better on short-chained fatty acid esters, it was not further investigated. 

3.5.5 Analysis of the cosmid pCos5E5 derived from a biofilm library and cloning of 

its lipase/esterase genes 

A metagenomic library was constructed with DNA that was isolated from biofilm on rubber-

coated valves of a drinking water pipeline in a previous study (Schmeisser et al. 2003; 

Schmeisser 2004). Six out of 1,600 E. coli clones showed lipolytic activity when screened on LB-

TBT agar plates (Schmeisser 2004). The insert of one positive cosmid clone designated pCos5E5 

(=BioIII5/E5) had a size of approx. 36.58 kb and was sequenced by 454 pyrosequencing 

(2.6.11.2, appendix). A BLAST-analysis (BLASTX, 2.11.2) of the protein coding ORFs against se-

quences in the NCBI database revealed three putative genes that could be responsible for hy-

drolytic activity (Table 14).  

Table 14. Three different putative esterase ORFs located on the insert of pCos5E5. 

Putative ORF Start on contig End on contig Length (bp) 

est1 (=est5E5) 30,569 31,954 1,386 

est2 (complementary strand) 31,915 30,566 1,350 

est3 33,475 34,680 1,206 
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The putative genes designated est1 and the complementary located est2 were similar to an 

esterase of Acidovorax radicis N35 (GenBank acc. no. ZP_08949193.1, both E-values 0.0, max. 

identities 83%). The third putative gene est3 possessed high similarity to an annotated GDSL-

family lipolytic protein from Acidovorax ebreus TPSY (GenBank acc. no. YP_002554716.1, E-

value 8e-160, max. identity 79%). 

 

Figure 7. The gene est5E5 (=est1) with its surrounding genes on the insert of the cosmid pCos5E5. pep, 

D-alanyl-D-alanine carboxypeptidase/D-alanyl-D-alanine-endopeptidase, similarity to Acidovorax sp. NO-

1 (GenBank acc. no. ZP_09327363.1, max. identity 82%, E-value 0.0); trp, transposase, similarity to Astic-

cacaulis excentricus CB 48 (GenBank acc. no. YP_004087758.1, max. identity 72%, E-value 0.0); est3, 

GDSL family lipolytic protein, similarity to Acidovorax ebreus TPSY (GenBank acc. no. ACM34716.1, max. 

identity 79%, E-value 8e
-16

). The gene est2 is complementary to est5E5. 

 

As the genes surrounding the putative esterase ORFs did not seem to have an influence on 

expression or activity of the respective enzymes, they were not considered for cloning. 

The three putative esterase genes were amplified with the primers est1 for/rev (2.6.10, Table 

5), est2 for/rev and est3 for/rev (appendix) that contained NdeI and HindIII restriction sites 

within their sequences. The PCR products were ligated into pDrive (2.6.8.3.1) and subsequent-

ly, the gene sequences were cloned (2.6.8.3.2) into pET-21a (Table 3). The constructs were 

transformed into E. coli BL21 (DE3; 2.6.9.1) and for optimal expression of the genes, the cul-

tures were grown at 28°C and induced by the addition of 0.5 mM IPTG (2.7.1). The respective 

enzymes were purified by immobilized metal ion affinity chromatography (2.7.3), dialyzed 

(2.7.5) and the protein concentrations were determined using Bradford assay (2.7.6). Initial 

activity tests were performed with 1 mM pNP decanoate in PB (pH 8.0) at 45°C for 15 min 

(2.8.2.1). Est2 did not show significant activity in contrast to Est1 and Est3 (Figure 8). As the 

activity of Est1 (1.54 U/mg) was almost three times as high as the activity of Est3 (0.54 U/mg, 

see Figure 8), only Est1 was further on investigated and designated Est5E5. 
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Figure 8. Specific activity of Est5E5 (=Est1), Est2 and Est3 derived from the cosmid pCos5E5 and tested 

on 1 mM pNP decanoate at 45°C. 

3.6 /ƘŀǊŀŎǘŜǊƛȊŀǘƛƻƴ ƻŦ 9ǎǘр9рΣ [ƛǇ¢ ŀƴŘ [ƛǇ{ 

Biochemical characterization was focused on these three enzymes, because they showed the 

highest activity at elevated temperatures (>50°C) and were sufficiently expressed by E. coli 

compared to the other esterases and lipases examined in this study. 

3.6.1 Sequence analysis of est5E5, lipT and lipS  

The genes est5E5 lipT and lipS were sequenced (2.6.11.1) and the resulting sequences pro-

cessed (Gap4, 2.11.1). Furthermore, they were analyzed by using Clone Manager (2.11.1) and 

the estimated protein size was calculated. The nucleotide sequences were compared with 

sequences deposited in the NCBI database with BLASTX (2.11.2; Altschul and Koonin 1998). 

Table 15 provides information about these results. 

Table 15. Gene sizes and molecular weights of the respective proteins encoded by est5E5, lipT and lipS 

with the closest relative according to a BLASTX-search. 

ORF est5E5 lipT lipS 

Size of gene (bp) of 
native protein 
(aa/kDa) 

1,386 

461/48.4 

990 

329/35.8 

843 

280/30.2 

Metagenomic origin Biofilm on fresh water 
pipeline 

Thermus enrichment 
culture 

Enrichment of soil and 
water samples 

Annotation as   
(GenBank acc. no.) 

Conserved hypothetical 
protein (ZP_04764880) 
of Acidovorax radicis 
N35 

Putative esterase 
(YP_004201971.1) of 
Thermus scotoductus SA-
01 

Esterase (YP_075874) 
of Symbiobacterium 
thermophilum 
IAM14863 

Expect (E)-value 0.0 0.0 0.0 

% Identity (no. of 
identical aa/total aa 
considered) 

84 (359/432) 96 (317/329) 100 (280/280) 
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Both lipT and lipS showed high identities to genes annotated as putative esterase genes from 

the thermophilic bacteria Thermus scotoductus (Gram-negative, optimal growth at 70°C; 

Tenreiro et al. 1995) and Symbiobacterium thermophilum (Gram-positive, optimal growth at 

60°C; Ohno et al. 2000). The esterase gene est5E5 showed highest similarity to an annotated 

conserved hypothetical protein of Acidovorax radicis N35, a Gram-negative wheat-root-

colonizing bacterium with an optimal growth temperature around 30°C (Li et al. 2011).  

3.6.2 Analyses of the amino acids sequences of Est5E5, LipS and LipT   

Sequence analyses with SignalP. 4.0 (http://www.cbs.dtu.dk/services/SignalP/; Nielsen et al. 

1997) were carried out in order to calculate the probability for the occurrence of cleavage 

sites. These sites indicate that signal sequences are present at the N-termini of the enzymes 

which are necessary for secretion. For Est5E5 and LipS, no significant signs for a secretion sig-

nal could be observed as the C-scores (cleavage site score) are low with a value of approx. 0.1. 

This means that the amino acids at the N-termini are part of the mature protein. Only LipT 

presumably contains a secretion signal sequence with a possible cleavage site between Ala21 

and Val22, as the C-score reaches a comparably high value of 0.366.  

The amino acid sequences of the three enzymes were compared with four to six sequences 

sharing high similarities with them according to a BLASTX-search (2.11.2; Altschul and Koonin 

1998). The sequences were aligned with ClustalW algorithm using the software Bioedit 

(2.11.1). Multiple alignments were then visualized with Espript software (Gouet et al. 1999). 

Conserved regions within LipS, LipT, Est5E5 and their alignment partners are marked in black in 

Figure 9 to Figure 11. A catalytic triad common in all hydrolases was found for the three en-

zymes. It is composed of a serine, an aspartate and a histidine residue. In all cases, the nucleo-

philic serine is embedded in a G-X-S-X-G motif that occurs in carboxylesterases and lipases. In 

LipS, the catalytic serine is embedded in a G-L-S-M-G motif (aa 124-128, Figure 9), while LipT 

contains a G-C-S-A-G motif (aa 157-161, Figure 10). The catalytic serine of Est5E5 is embedded 

in a G-Y-S-Q-G pentapeptide (aa 221-225, Figure 11). The catalytic aspartate of LipS is located 

at position 227, the catalytic histidine at position 257. For the other two enzymes, the exact 

position can only be speculated (LipT: Asp170, 186 or 242 and His293; Est5E5: Asp239, 292, 

335, 362, 380, 395, 408, 410, 426 and His251, 388, 440 or 449). 

Interestingly, LipS only shared relatively low sequence homologies with the five next similar 

/h  ̡hydrolases and carboxylesterases from Rhodopseudomonas palustris DX-1 (E-value 9e-77, 

max. identity 49%), Rhodopseudomonas palustris CGA009 (E-value 1e-77, max. identity 49%), 

Bacillus sp. 2_A_57_CT2 (E-value 2e-74, max. identity 52%), Bacillus sp. NRRL B-14911 (E-value 
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1e-74, max. identity 54%) and Geobacillus thermodenitrificans esterase EstGtA (E-value 3e-76, 

max. identity 51%, Figure 9). 

LipT showed high sequence similarities to esterases from other members of the genus Ther-

mus sp. The highest similarities were observed for Thermus scotodutctus SA-01 (E-value 0.0, 

max. identity 96%), Thermus aquaticus Y51MC23 (E-value 0.0, max. identity 88%), Thermus sp. 

CCB_US3_UF1CCB (E-value 0.0, max. identity 85%) and Thermus thermophilus HB27 (E-value 

0.0, max. identity 84%, Figure 10). The largest parts of the sequences seem to be highly con-

served. 

Concerning Est5E5, amino acid sequence homologies were found to carboxylesterases from 

Acidovorax delafieldii 2AN (E-value 0.0, max. identity 79%), Acidovorax radicis N35 (E-value 

0.0, max. identity 83%), Acidovorax sp. NO-1 (E-value 0.0, max. identity 84%) and Ramlibacter 

tataouinensis TTB310 (E-value 0.0, max. identity 68%, Figure 11). Especially the N-terminus of 

Est5E5 differs from the other putative esterases.  
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Figure 9. Amino acid alignment of LipS against similar sequences. IAM, Symbiobacterium thermophilum 

IAM 14863 esterase (BAD41030.1); DX-1, Rhodopseudomonas palustris DX-1 acylglycerol lipase 

(ADU46368.1); CGA009, Rhodopseudomonas palustris CGA009 putative carboxylesterase (CAE30086.1); 

2_A_57_CT2, Bacillus sp. 2_A_57_CT2 esterase (EFV74766.1); NRRL, Bacillus sp. NRRL B-14911 esterase 

(EAR67363.1); EstGtA2, Geobacillus thermodenitrificans esterase EstGtA (AEN92268.1). Positions of  h

helices and ̡ sheets as well as the catalytic triad are known, because the crystal structure of LipS was 

solved (3.7). The stars indicate the catalytic serine, aspartate and histidine residues. Strictly conserved 

residues are highlighted with black boxes. Numbering refers to the amino acids of LipS. 
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Figure 10. Amino acid alignment of LipT with SA-01, Thermus scotodutctus SA-01 putative esterase 

(ADW21422.1); Y51MC23, Thermus aquaticus Y51MC23 putative esterase (EED09760.1); US3_UF1, 

Thermus sp. CCB_US3_UF1CCB US3 UF1 hypothetical protein TCCBUS3UF1_8960 (AEV15941.1); HB27, 

Thermus thermophilus HB27 putative esterase (AAS81248.1). The star points out the catalytic serine. 

Strictly conserved residues are highlighted with black boxes. Numbering refers to the amino acids of 

LipT. 
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Figure 11. Amino acid alignment of Est5E5 with similar sequences from 2AN, Acidovorax delafieldii 2AN 

conserved hypothetical protein (ZP_04764880); N35, Acidovorax radicis N35 esterase (ZP_08949193.1); 

NO-1, Acidovorax sp. NO-1 esterase (ZP_09327365.1); TTB310, Ramlibacter tataouinensis TTB310 ester-

ase (YP_004620806.1). The star points out the catalytic serine. Strictly conserved residues are highlight-

ed with black boxes. Numbering refers to the amino acids of Est5E5. 
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3.6.3 Classification of LipS, LipT and Est5E5 into lipase/esterase families 

With the amino acid sequences of LipS, LipT and Est5E5, independent alignments were made 

for all of the major lipase/esterase families I-VIII using the program T-Coffee (for LipS and LipT, 

U. Krauss, Research Center Jülich, Germany; 2.11.1) and ClustalW (for Est5E5, BioEdit; 2.11.1). 

Neither LipS nor LipT could be grouped into any of the existing families due to a lack of se-

quence homologies. Est5E5 showed slight similarity to members of family I.3, but according to 

a search with SignalP (2.11.2), the enzyme does not contain the essential C-terminal secretion 

signal that mediates translocation of family I.3´s members into extracellular space (Hausmann 

and Jaeger 2010). Subsequently, sequences with similarity to LipS, LipT and Est5E5 were found 

by a BLASTX-search (3.6.2) and aligned with each other using ClustalW (BioEdit; 2.11.1) in or-

der to illustrate the LipS, LipT and Est5E5 groups of esterases and lipases (Figure 12). 

 

 

 

Figure 12. The amino acids of the three enzymes LipS, LipT and Est5E5 were aligned with similar se-

quences found by a BLASTX search (Altschul and Koonin 1998) by performing a ClustalW alignment (Bi-

oedit, 2.11.1). The trees based on the protein sequences were constructed with the Maximum 

Likelyhood method using Mega5 (2.11.1). Bootstrap values are shown at the branches and the scale bars 

indicate the number of substitutions per amino acid. 

 



Results  65 

3.6.4 Overexpression and purification of Est5E5, LipT and LipS  

The genes est5E5, lipS and lipT were cloned and overexpressed in order to characterize the 

activity of the corresponding enzymes (2.6.8.3.3, 2.6.9.1, 2.7.1). Overnight cultures of E. coli 

BL21 (DE3) strains containing lipS::pET-21a, lipT::pET-21a or est5E5::pET-21a were grown at 

37°C and 200 rpm. In order to find the optimal expression conditions, cultures of 250 ml were 

inoculated with 1% of the overnight culture and incubated at 17, 22, 28 and 37°C for 4 to 9 

hours until an optical cell density of OD600 0.6 to 0.8 was reached (2.5.5). Protein expression 

was induced by supplementation of 0.5 mM IPTG to the culture. After 16 hours (17 C), 8 hours 

(22 and 28 C) and 4 hours (37 C) of further incubation, the cells were harvested (2.5.6) and the 

pellets stored at -20°C before cell extracts were prepared by French press and subsequent 

ultrasonication (2.7.2). The recombinant His6-tagged proteins were purified from the soluble 

fraction by immobilized Ni-ion affinity chromatography (2.7.3). The protein concentrations 

were measured by Bradford (2.7.6) and the molecular weight of the proteins was examined by 

SDS-PAGE under denaturing conditions (2.7.7) together with a sample of the crude cell extract. 

The incubation temperature, at which the highest yield of the desired protein was obtained, 

was chosen to try different concentrations of IPTG. One control culture was incubated without 

adding IPTG, while protein expression in the other cultures was induced with 0.1, 0.5 or 1 mM 

IPTG. To yield the highest quantities of the enzymes LipS, LipT and Est5E5, overexpression had 

to be carried out by induction with 1 mM IPTG. Best results concerning the quantity of LipS and 

LipT were achieved at an incubation temperature of 17°C. At 37°C, significantly less protein 

was expressed. The expression of Est5E5 was equally possible at 17 and 22°C. LipS could be 

purified with up to 15.0 mg/g of cell pellet (wet weight). The average maximum yield of LipT 

was around 1.6 mg/g and of Est5E5 approx. 3.4 mg/g.  

Efforts to purify LipT and Est5E5 from the insoluble fractions (inclusion bodies) of the cell pel-

lets with urea (2.7.4) did not yield any of the two enzymes according to visual inspection of the 

protein bands on a SDS-PAGE gel (2.7.7) and to measurement of protein concentrations by 

Bradford (2.7.6). 

The elution fractions that contained the desired proteins were combined, dialyzed against 0.1 

M PB pH 8.0 (2.7.5) and, if necessary, concentrated. After Coomassie Brilliant Blue staining of 

the 15% acrylamide gels after SDS-PAGE (2.7.7), LipS was visible as one single band at a size of 

approx. 31.7 kDa including His6-tag of 1.65 kDa (Figure 13). In contrast, LipT and Est5E5 had to 

be concentrated and could not be purified as single proteins as they showed several bands. In 

case of LipT, protein bands were observed with the size of the enzyme expressed as a mono-

meric protein (38 kDa estimated size including C-terminal His6-tag), a dimer (76 kDa) or a tri-
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mer (114 kDa) although the SDS-PAGE was carried out under denaturing conditions (sample 

buffer contained DTT, incubation at 95°C for 5-10 min; Figure 13). Est5E5 also showed several 

bands, but also a distinctive band at approx. 50 kDa which corresponds to its estimated size 

including His6-tag (Figure 13). 

 

Figure 13. The purified proteins LipS, LipT and Est5E5 on 15% acrylamide gels after SDS-PAGE. Gels were 

stained with Coomassie Brilliant Blue solution. Arrows are indicating the possible protein bands of LipT 

and Est5E5. M: marker (Fermentas unstained protein molecular weight marker, left #SM0431, right 

#SM0661). Approx. 15 µg of protein were applied per sample. 

 

A Western Blot immunoassay was carried out after separation of the proteins by denaturing 

SDS-PAGE to detect the His6-tag of the three enzymes with His5-specific antibodies (2.7.8). The 

assay showed that LipS was detectable with a strong signal at approx. 32 kDa that is consistent 

with the calculated molecular size. A thinner band was also detected that could correspond to 

a dimer with a size of about 72 kDa (Figure 14 A). The western blot analysis of LipT revealed 

that it occurs as approx. 38 kDa protein (Figure 14 B) and concerning Est5E5, its molecular 

weight could be verified with about 50 kDa (Figure 14 C). A strong signal at approx. 95 kDa was 

also observed in both cases. Yet, Western Blot analysis of a negative control of crude cell ex-

tract from E. coli BL21 (DE3) that contained the empty vector pET-21a also showed a band at 

approximately 95 kDa, when the amount of protein that was loaded on the gel was rather 

high. Presumably, this protein belongs to E. coli and has a histidine rich part in its amino acid 

sequence so that it also binds to the Ni-NTA and can be detected with His5-specific antibodies. 
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Figure 14. Western Blot immunoassay for detection of His6-tagged proteins with penta-His-specific anti-

bodies. M: marker (Fermentas prestained protein molecular weight marker #SM0671). A) Purified LipS; 

B) purified LipT; LipT (FT, Flow through); C) Est5E5 (CE, crude cell extract); purified Est5E5. Approx. 20-25 

µg of protein was applied per sample. 

 

3.6.5 Activity of Est5E5, LipS and LipT on ester compounds 

3.6.5.1 Substrate specificity 

Usually, lipases prefer to act on long-chain fatty acids with more than ten C-atoms, while es-

terases act on shorter C-chains (Jaeger et al. 1999). Therefore, a substrate spectrum was rec-

orded with pNP esters which had a carbon chain length of 4 to 18 C-atoms (2.8.2.3.1). The best 

results were observed with pNP octanoate (C8) in case of LipS and Est5E5. LipT showed highest 

activity on pNP decanoate (C10; Figure 15). LipS and LipT were most active between acyl-chain 

lengths of 6 to 14 C-atoms (25-58% of the maximum activity) and only weak activities were 

measured with shorter (C4) and longer (C16 and C18) acyl chain lengths. In contrast, Est5E5 

showed a broader substrate range between pNP butyrate (C4) to pNP myristate (C14) with at 

least 60% of the maximum activity. Interestingly, it was not active at all on pNP palmitate (C16) 

and stearate (C18).  



Results  68 

 

Figure 15. Substrate range of Est5E5, LipT and LipS tested on pNP esters with C-chain lengths between 

C4 and C18. Reactions were incubated at 50°C (Est5E5), 70°C (LipS) or 75°C (LipT) with final substrate 

concentrations of 1 mM in PB (0.1 M, pH 8.0). Extinction was measured at 405 nm against an enzyme-

free blank. Data are mean values of at least three independent measurements and bars indicate the 

standard deviation. 

3.6.5.2 Temperature range and thermostability of Est5E5, LipS and LipT  

In a temperature assay, the activity of the recombinant enzymes was tested by incubation at 

temperatures between 10 and 90°C for 10 min (2.8.2.3.2). As substrate, 1 mM pNP decanoate 

or dodecanoate were used because of their low autohydrolysis reaction. The extinctions were 

measured at 405 nm in a photometer. LipS and LipT showed thermophilic properties as their 

temperature optimum lied at 70 and 75°C, respectively (Figure 16). With 11.5%, LipS had low 

activity at temperatures beneath 40°C, whereas LipT showed 50% activity at 40°C. At 90°C, LipT 

still had 91% activity, LipS only 23.5%. The temperature optimum of Est5E5 laid at 50°C, above 

this temperature, the enzyme activity declined to 65% at 60°C and 23% at 90°C. Est5E5 showed 

23% activity at 10°C to 34% activity at 40°C. Figure 16 shows the temperature ranges of Est5E5, 

LipT and LipS.  

 

Figure 16. Temperature range of Est5E5, LipT and LipS measured with 1 mM pNP dodecanoate. 
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The enzymes were tested for their thermal stability by incubation at 70 and 90°C for different 

time periods (2.8.2.3.3). Afterwards, the residual activity was measured by incubation at the 

optimal temperature of each enzyme with 1 mM pNP dodecanoate (LipS, LipT) or pNP decano-

ate (Est5E5) as substrate (2.8.2.1).  

As no residual activity was measureable with Est5E5 after 10 min at 70 and 90°C, the test was 

repeated at 50 and 60°C. At 50 °C, Est5E5 was stable up to 30 min (89 % residual activity), be-

fore activity decreased rapidly to 2% after 1 h incubation (Figure 17 A). Est5E5 was almost inac-

tive (2% residual activity) after 30 min incubation at 60°C. A residual activity of 50% for Est5E5 

is estimated with about 7 min at 60°C and approx. 40 min at 50°C. 

LipT and LipS showed a much higher stability against thermal denaturation. After 24 h incuba-

tion at 70°C, LipS still possessed 50% residual activity, while after 72 h, 13.6% of the maximum 

activity could be measured (Figure 17 B). Incubated at 90°C, LipS showed 52% residual activity 

after 4 h of incubation, while after 24 h, less than 1% of residual activity was measured. At 

70°C, LipT showed 43% residual activity after 24 h and 23% after 52 h (Figure 17 C). Incubation 

at 90°C for 24 h resulted in a residual activity of 22%. Hence, both LipS and LipT were able to 

resist high thermal pressure for long time periods. 
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Figure 17. Thermal stability of Est5E5 (A), LipS (B) and LipT (C). The enzymes were incubated at 50 and 

60°C (Est5E5) or 70 and 90°C (LipS, LipT). These temperatures were chosen because they lie around the 

optimal temperature of the enzymes and with 10 to 20°C significantly above. Residual activity was 

measured afterwards by incubation with pNP decanoate or dodecanoate at the enzymes´ optimal tem-

peratures.  

 

3.6.5.3 pH range of Est5E5, LipS and LipT  

Three different kinds of buffers were used with pH values between 5.0 and 9.0 (2.8.2.3.4). 

Est5E5 was most active in Tris-HCl buffer pH 8.6 (Figure 18 A). At pH 7.0, the enzyme showed 

28% activity and it was inactive below pH 6.0. LipS (Figure 18 B) as well as LipT (Figure 18 C) 

showed the highest activity at pH 8.0 when tested with 0.1 M phosphate buffer. Below pH 8.0, 

activity was rapidly decreasing and at pH 6.0, only 11.4% (LipS) and 6.8% (LipT) residual activity 

could be measured. In glycine-buffer above pH 9.0, no activity could be measured for any of 

the three enzymes. 
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Figure 18. pH range of Est5E5 (A), LipT (B) and LipS (C) measured with citrate (pH 5-6), phosphate (pH 6-

8) and Tris-HCl buffer (pH 8-9). 

 

3.6.5.4 Activity of Est5E5, LipS and LipT in the presence of metal ions  

Different metal ions like Ca2+, Co2+, Cu2+, Fe3+, Mg2+, Mn2+, Rb2+ and Zn2+ were tested in 1 and 10 

mM concentration by incubation together with the enzymes for one hour at room tempera-

ture (2.8.2.3.5). Afterwards, remaining activity was measured for 10 min at the enzyme´s op-

timal temperature and quantified in a photometer at 405 nm against an enzyme free blank 

that also contained 1 mM or 10 mM of the respective metal ion. For this measurement, pNP 

octanoate (Est5E5) and dodecanoate (LipS, LipT) were chosen as substrate, because activity 

was well measureable and autohydrolysis rates are lower with long-chained acyl residues. The 

activities of the enzymes were then compared to metal ion-free controls. LipS as well as LipT 

showed activity in the presence of all ions and weak positive effects were measured with Rb+ 

(LipT) and 1 mM Mg2+ (LipS) that were not significant enough to consider the ions as cofactors 

(Figure 19 A, B). In the presence of most cations activity decreased, sometimes even signifi-

cantly to a residual activity of 39.1% (LipT with 10 mM Fe3+) and 16.9% (LipS with 10 mM Zn2+). 
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Figure 19. Influence of different metal ions on the activity of LipT (A), LipS (B) and Est5E5 (C) compared 

to a metal ion-free control. 

 

In contrast to LipS and LipT, Est5E5 significantly showed an increased activity in the presence 

of Ca2+, Fe3+, Mg2+, Mn2+, Rb+, Zn2+ and especially Cu2+ ions (Figure 19 C). In order to verify the 

stimulating effect of Cu2+, different concentrations of the metal ion (0, 1, 5 and 10 mM) were 

tested in a defined reaction volume of 500 µl that contained 0.9 mM pNP octanoate as sub-

strate. After 10 min incubation at 50°C, the reaction was stopped on ice and the amounts of 

pNP that were released during the reactions were quantified in a photometer at 405 nm 

against enzyme-free blanks that contained the respective amounts of Cu2+. The results of the 

measurements show, that Est5E5 is more active in the presence of Cu2+ ions. Without Cu2+ as 

possible cofactor, the specific activity of Est5E5 lied at an average of 2.61 U/mg. It increased 

the more Cu2+ was added and with 1 mM of Cu2+, 5.35 U/mg were measured. With 5 mM Cu2+ 

8.73 U/mg were reached and with 10 mM Cu2+ 9.50 U/mg (Figure 20). 
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Figure 20. Impact of Cu
2+

 ions on the activity of Est5E5. The enzyme activity was tested in the presence 

of 0, 1, 5 and 10 mM Cu
2+

 with 0.9 mM pNP octanoate as substrate at 50°C. The concentration of p-

nitrophenol released in the hydrolytic reaction was determined spectrophotometrically at 405 nm. 

 

3.6.5.5 Stability of Est5E5, LipT and LipS against inhibitors and detergents 

As activity inhibiting substances, the effect of EDTA, DTT and PMSF on the enzymes was tested 

in final concentrations of 1 and 10 mM (in 0.1 M PB pH 8.0) for an incubation time of 1 h 

(2.8.2.3.5). The residual activities of the enzymes were measured with pNP octanoate (Est5E5) 

and dodecanoate (LipS, LipT; 2.8.2) and compared to a control without additives. The results 

are listed in Table 16. Of all three enzymes, LipT was most stable against EDTA, DTT and PMSF 

as 1 mM concentrations of the inhibitors did not significantly lower its activity. It still pos-

sessed at least 49.0% residual activity when incubated with 10 mM concentration of the inhibi-

tors. Est5E5 and LipS were most strongly impaired by 10 mM EDTA, where 43.5 and respective-

ly 46.0% activity remained.  

In 1 and 5% concentration (w/v or v/v) of the detergents, SDS, Triton X-100 and Tween 80 

were incubated with the enzymes (2.8.2.3.5). Table 16 provides information about the residual 

activities of the enzymes after incubation with the detergents for 1 h. LipS showed the highest 

residual activity of all three enzymes. After incubation with 1% of the detergents in the solu-

tion, it kept 59.7% (SDS) to 73.3 % (Tween 80) of its initial activity. Activity strongly decreased 

with 5% of the detergents and only up to 12.0% activity remained with Tween 80. LipT, how-

ever, was completely inactivated by SDS in both concentrations and only possessed up to 

18.4% of its initial activity when incubated with 1% Tween 80. Est5E5 was only tested on SDS, 

that decreased the activity to 50.7% (1% SDS) and 8.7% (5% SDS). 
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Table 16. Influence of different inhibitors and detergents on the relative enzyme activity of Est5E5, LipS 

and LipT. ± indicates the standard deviation; n. d., not determined. 

Rel. activity of Est5E5 (%) LipS (%) LipT (%) 

Control 100.0 ± 7.9 100.0 ± 15.2 100.0 ± 4.6 

Inhibitors   

EDTA 1 mM 82.7 ± 10.5 74.1 ± 3.4 98.0 ± 1.1 

10 mM 43.5 ± 5.4 46.0 ± 6.6 65.7 ± 4.8 

DTT 1 mM 98.6 ± 10.0 76.3 ± 8.1 107.1 ± 3.3 

10 mM 64.3 ± 8.0 71.5 ± 9.3 85.4 ± 1.5 

PMSF 1 mM 62.5 ± 12.4 80.1 ± 0.8 105.6 ± 7.9 

10 mM 70.6 ± 8.5 59.5 ± 6.7 49.0 ± 9.4 

Detergents   

SDS 1% 50.7 ± 2.8 59.7 ± 2.5 0.0 ± 0.0 

5% 8.7 ± 1.6 0.0 ± 0.0 0.0 ± 0.0 

Triton X-100 1% n. d. 70.4 ± 9.1 13.0 ± 3.5 

5% n. d. 8.5 ± 0.4 3.3 ± 0.8 

Tween 80 1% n. d. 73.3 ± 3.3 18.4 ± 0.9 

5% n. d. 12.0 ± 0.1 0.4 ± 0.1 

 

3.6.5.6 Stability of Est5E5, LipT and LipS against solvents  

The activities of Est5E5, LipS and LipT under the influence of solvents were tested with DMSO, 

isopropanol, methanol, DMF, acetone, acetonitrile and ethanol which were applied in concen-

trations of 10 and 30% (v/v) in PB pH 8.0 (2.8.2.3.5). The enzymes were incubated at room 

temperature for 1 h together with the solvents. The residual activities were measured with 1 

mM pNP dodecanoate at the optimal temperatures and quantified in a photometer at 405 nm 

against an enzyme-free blank that also contained the respective solvents. The results com-

pared to a control without solvent are shown in Table 17. The presence of the solvents influ-

enced the activities of Est5E5, LipS and LipT more or less negatively. The only exception is 

DMSO that increased the activity of Est5E5 (30% DMSO: 166.1%) and LipT (10% DMSO: 

156.5%) and only marginally inhibited LipS (30% DMSO: 92.9%). In the presence of other sol-

vents, LipS only kept 67.9% (30% methanol) to 8.5% (30% acetone) residual activity. With con-

centrations of 30% solvent, Est5E5 also lost activity to residual activities between 80.0% (iso-

propanol) and 3.6% (acetone). In contrast, LipT showed more stability against solvents and 
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possessed 108.5% (10% methanol) to 47.7% (30% DMF) residual activity. Only against 10 and 

30% isopropanol, LipT showed a relatively low stability with 49.2% and 6.2% activity remaining. 

Table 17. Relative activity of Est5E5, LipS and LipT in the presence of solvents. The activities were com-

pared to a control without solvent. ± indicates the standard deviation; n. d., not determined. 

Rel. activity of Est5E5 (%) LipS (%) LipT (%) 

Control 100.0 ± 6.1 100.0 ± 5.5 100.0 ± 4.9 

DMSO 10% 120.4 ± 2.8 65.5 ± 3.6 156.5 ± 1.7 

30% 166.1 ± 5.6 92.9 ± 8.5 100.1 ± 1.5 

Isopropanol 10% 186.1 ± 0.6 64.9 ± 2.6 49.2 ± 4.9 

30% 80.0 ± 0.6 45.9 ± 2.6 6.2 ± 1.5 

Methanol 10% 35.8 ± 0.6 67.9 ± 2.0 108.5 ± 3.3 

30% n. d. 31.3 ± 0.6 57.5 ± 5.0 

DMF 10% n. d. 31.9 ± 9.7 98.8 ± 5.8 

30% n. d. 17.0 ± 9.3 47.7 ± 2.9 

Acetone 10% n. d. 39.8 ± 12.7 103.0 ± 14.1 

30% 3.6 ± 5.1 8.5 ± 0.4 50.7 ± 1.1 

Acetonitrile 10% 142.9 ± 0.9 67.3 ± 5.9 96.3 ± 3.6 

30% 13.0 ± 3.4 15.4 ± 0.4 50.9 ± 2.1 

Ethanol 10% n. d. 27.7 ± 5.9 87.8 ± 15.3 

30% 36.9 ± 13.3 8.9 ± 8.1 57.8 ± 3.1 

 

3.6.5.7 Kinetic measurements of Est5E5, LipT and LipS 

As the enzymes should be able to work cofactor independently in further biotechnological 

applications, kinetic measurements were carried out without addition of any metal ions 

(2.8.2.3, 2.8.2.3.6). The kinetic studies were performed with two different pNP substrates for 

each enzyme. In case of Est5E5 and LipS, kinetics were studied with pNP octanoate and deca-

noate and in case of LipT, pNP decanoate and dodecanoate were used. The substrate concen-

trations ranged from 0.1 to 0.7 mM. The assays were performed at the enzymes´ optimal reac-

tion temperatures. The catalytic properties of LipS showed the highest specific activity with 

12.03 U/mg (Table 18). LipS and Est5E5 showed a much higher specific activity and a better 

efficiency (kcat/Km) than LipT (Table 18). Est5E5 showed specific activities comparable to LipS 

and with pNP octanoate, it even had a better catalytic efficiency. 
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Table 18. Catalytic properties of Est5E5, LipS and LipT. 

Enzyme and pNP 
substrate 

Units/mg vmax (mol/min) Km (mol/l)  kcat (min
-1
) kcat/Km (M

-1
sec

-1
) 

Est5E5      

Octanoate 7.685 4.746 x 10
-8 

5.852 x 10
-4
 0.540 15.375 

Decanoate 4.336 3.623 x 10
-8
 8.369 x 10

-4
 0.412 8.207 

LipS      

Octanoate 12.029 2.016 x 10
-7
 2.170 x 10

-3
 1.336 10.260 

Decanoate 6.039 2.903 x 10
-8
 2.674 x 10

-4
 0.192 12.009 

LipT      

Decanoate 0.559 5.416 x 10
-8
 1.148 x 10

-3
 0.055 0.796 

Dodecanoate 0.361 1.108 x 10
-8
 1.477 x 10

-4
 0.011 1.268 

 

3.6.5.8 Further substrate range and enantioselectivity of Est5E5, LipS and LipT  

Est5E5, LipS and LipT were tested on special pNP esters in a final concentration of 0.5 mM in 

PB (pH 8.0). With LipS and LipT, the assay was carried out at 70°C and with Est5E5 at 50°C 

(2.8.2.3.7). The reaction was measured at 405 nm against an enzyme-free blank and the specif-

ic activity calculated (2.8.2.3). The results are given in Table 19. Est5E5 was most active on 

cyclohexanoate (0.35 U/mg) and it was able to act on every other substrate, except 2-

naphtoate. LipS hydrolyzed cyclohexanoate with the highest activity of 1.26 U/mg measured, 

but it did not show activity on 1-naphtoate and adamantanoate. The substrate range of LipT 

was narrower in comparison. It showed relatively low activity in comparison with Est5E5 and 

LipS and was unable to convert 2-phenylpropanoate, cyclohexanoate and adamantanoate. Its 

highest activity was observed on ibuprofen amide with 0.08 U/mg. 
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Table 19. Specific activity of Est5E5, LipS and LipT on selected pNP substrates. 

4-nitrophenyl ester substrate  

(0.5 mM) 

Specific activity (U/mg) 

Est5E5 LipS LipT 

2-phenylpropanoate 0.25 0.42 0.00 

3-phenylbutanoate 0.07 0.09 0.03 

Cyclohexanoate 0.35 1.26 0.00 

2-(3-benzoylphenyl) propanoate 

(ketoprofen) 

0.18 0.62 0.06 

2-naphtoate 0.00 0.06 0.02 

1-naphtoate 0.19 0.00 0.01 

Adamantanoate 0.03 0.00 0.00 

Ibuprofen amide 0.25 0.07 0.08 

 

The stereoselectivities of Est5E5, LipS and LipT were tested in comparison with the commercial 

lipases CalB (Candida antarctica lipase B, purchased from Sigma Aldrich, Buchs, Switzerland) 

and ROL (Rhizopus oryzae lipase, purchased from Fluka/Sigma Aldrich, Buchs, Switzerland) on 

chiral pNP and methylumbelliferyl (MU) esters namely (S)-/(R)-2-methyldecanoic acid ester, 

(S)-/rac-/(R)-2,3-dihydro-1H-indene-1-carboxylate (=indancarboxylic acid ester), (S)-/rac-

ibuprofen ester and (S)-/rac-/(R)-naproxen ester (2.8.2.3.7, Table 11). As reference, the achiral 

pNP and MU octanoate was also tested.  

Reactions with chiral pNP esters as substrates were measured in a photometer at 410 nm 

against enzyme-free blank after incubation at 60 and 65°C. The assay temperatures were lower 

than the optimal temperatures of LipS and LipT and higher than the optima of Est5E5, CalB and 

ROL in order to avoid autohydrolysis that easily occurs at higher temperatures or due to the 

experimental setup (2.8.2.3.7). All of the five enzymes were principally active on chiral pNP 

ester compounds and the specific activities are listed in Table 20. Est5E5 showed the highest 

activity of all enzymes on the achiral pNP octanoate (0.71 U/mg). It was also able to hydrolyze 

chiral substrates with activities comparable to LipS. Thereby, it acted preferably on the (R)-

enantiomers of pNP methyldecanoate, ibuprofen and naproxen. In case of pNP indancarboxylic 

acid ester, the stereoselectivity was less distinctive. In comparison with Est5E5, LipS showed a 

much higher stereoselectivity as it clearly preferred the (R)-enantiomer and only had very low 
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activity on the (S)-enantiomers. It was even inactive on the (S)-enantiomer of pNP ibuprofen 

ester. On most (R)-enantiomers, LipS and Est5E5 showed comparable specific activities, but on 

(R)-pNP naproxen ester, LipS clearly had the highest specific activity (0.59 U/mg) of all five 

enzymes tested.  

LipT preferred the achiral substrate pNP octanoate (0.26 U/mg) and it only showed low activity 

on the chiral substrates (max. 0.09 U/mg on pNP methyldecanoate). Stereoselective properties 

could not be observed for this enzyme. CalB also did not clearly exhibit stereoselective proper-

ties on any of the substrates. As the temperature optima of CalB and ROL usually lie between 

30 and 45°C, the specific activities observed at 60 and 65°C were relatively low with a maxi-

mum of 0.09 U/mg on (S)- and (R)-pNP methyldecanoate in case of CalB and 0.13 U/mg in case 

of ROL on pNP octanoate. ROL showed a slight preference for the (R)-enantiomers.  

Table 20. Specific activities of Est5E5, LipS and LipT on chiral pNP substrates in comparison with the 

commercial enzymes CalB and ROL. The activities of Est5E5 and CalB were measured at 60°C, while the 

activities of LipS, LipT and ROL were assayed at 65°C. The specific activity of CalB and ROL refers to the 

weight of the lyophilisate. 

4-nitrophenyl ester 
substrate  

(0.33 mM) 

 Specific activity (U/mg)   

Enantio-
mer 

Est5E5 LipS LipT CalB ROL 

Octanoate  - 0.71 0.54 0.26 0.07 0.13 

Methyldecanoate  (S) 0.28 0.20 0.06 0.09 0.03 

(R) 0.61 0.58 0.09 0.09 0.12 

2,3-dihydro-1H-
indene-1-carboxylate  

(=indancarboxylic acid 
ester) 

(S) 0.32 0.06 0.07 0.06 0.00 

rac 0.38 0.26 0.07 0.06 0.02 

(R) 0.40 0.41 0.06 0.07 0.02 

Ibuprofen ester  (S) 0.02 0.00 0.02 0.01 0.00 

rac 0.27 0.31 0.03 0.01 0.03 

Naproxen ester  (S) 0.08 0.06 0.06 0.01 0.01 

rac 0.15 0.24 0.04 0.01 0.01 

(R) 0.26 0.59 0.02 0.01 0.03 

 

In order to verify these stereoselective properties of the lipolytic enzymes, the same chiral 

compounds were tested as methylumbelliferyl (MU) esters. The substrates were applied with a 

final concentration of 0.03 mM and the assay was performed at 60°C. The reaction was meas-

ured by detection of fluorescence at 465 nm (2.8.2.3.7). The results are given in Table 21. 
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Table 21. Specific activity of the five different enzymes tested on chiral MU esters at 60°C. The specific 
activity of CalB and ROL refers to the weight of the lyophilisate. 

MU ester substrate  

(0.03 mM) 

 Specific activity (U/mg)   

Enantio-
mer 

Est5E5 LipS LipT CalB ROL 

Octanoate  - 1413.99 1795.21 147.87 5.64 19.81 

Methyldecanoate  (S) 243.37 727.02 53.64 2.96 2.65 

(R) 1750.54 1992.37 72.27 1.58 8.92 

2,3-dihydro-1H-
indene-1-carboxylate  

(indancarboxylic acid 
ester) 

(S) 105.229 332.56 4.63 5.01 - 

rac 213.16 638.69 10.39 2.97 - 

(R) 271.865 793.28 11.39 1.34 - 

 Ibuprofen ester  (S) 234.90 224.53 10.42 0.12 0.10 

rac 772.46 541.02 9.24 0.16 0.15 

Naproxen ester  (S) 434.35 874.12 0.56 0.07 - 

rac 522.95 1111.32 0.61 0.06 - 

(R) 660.18 1313.1 0.73 0.08 - 

 

With the MU esters, the preference for (R)-enantiomers was verified concerning Est5E5 and 

LipS. The highest activity of all enzymes was observed with LipS and (R)-MU methyldecanoate 

as substrate (1992.37 U/mg). LipT, CalB and ROL showed comparably low activities between 

147.87 and 5.64 U/mg and all three enzymes preferred MU-octanoate as substrate. Concern-

ing MU methyldecanoate, indancarboxylic acid ester and naproxen, LipT acted preferably on 

the (R)-enantiomers. On ibuprofen ester, however, LipT showed a higher activity on the (S)-

enantiomer. For CalB, a preference for the (S)-enantiomer was observed on MU methyl-

decanoate and indancarboxylic acid ester, but it acted undifferentiated on ibuprofen and 

naproxen ester. ROL was more active on the (R)-enantiomer of methyldecanoate, but it did not 

show a clear preference for one enantiomer of ibuprofen ester. Concerning indancarboxylic 

acid and naproxen ester, no activity could be measured. 

The estimated E-values according to Kazlauskas (Kazlauskas 2006) provide qualitative conclu-

sions about the enantioselectivity of an enzyme. They are calculated by the initial reaction 

rates όɲ9κƳƛƴύ of both enantiomers measured separately (Equation 8).  

9ǎǘƛƳŀǘŜŘ 9 Ґ ὶὥὸὩ έὪ Ὢὥίὸ ὩὲὥὲὸὭέάὩὶ
ὶὥὸὩ έὪ ίὰέύ ὩὲὥὲὸὭέάὩὶ

           (8) 

The estimated E values are listed in Table 22. 
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Table 22. The five different enzymes show different estimated E-values on pNP and MU esters. A higher 

E-value indicates a higher stereoselectivity 

Estimated E Est5E5 LipS LipT CalB ROL 

pNP methyldecanoate 

MU methyldecanoate 

4.0 (R) 

7.2 (R) 

8.2 (R) 

2.7 (R) 

1.5 (R) 

1.4 (R) 

1.5 (S) 

2.7 (S) 

6.1 (R) 

2.5 (R) 

pNP indancarboxylic acid 
ester 

MU indancarboxylic acid 
ester 

1.5 (R) 

2.2 (R) 

10.3 (R) 

2.9 (R) 

1.7 (R) 

2.4 (R) 

2.3 (S) 

3.7 (S) 

3.7 (R) 

- 

pNP naproxen ester 

MU naproxen ester 

2.9 (R) 

1.4 (R) 

7.1 (R) 

1.5 (R) 

2.5 (S) 

1.1 (S) 

2.8 (S) 

1.7 (R) 

2.0 (R) 

- 

 

Est5E5, LipS and ROL show selectivity for the (R) enantiomers of each of the three kinds of 

compounds. LipT is (R)-selective on methyldecanoate and indancarboxylic acid ester and (S)-

selective on naproxen ester. CalB acts mostly on the (S) enantiomers. LipS showed the highest 

stereoselectivity of all enzymes with estimated E values between 7.1 and 10.3 for the (R) enan-

tiomers. The enzyme acted more selectively on pNP esters than on MU esters. Est5E5 is more 

selective on the MU ester of methyldecanoate, as the estimated E value of 7.2 indicates, while 

ROL is more selective on the pNP ester of methyldecanoate. LipT and CalB show a relatively 

low selectivity as the estimated E values only reach 2.5 (LipT on (S)-naproxen ester) or 3.7 

(CalB on (S)-indancarboxylic acid ester). 

 

3.6.5.9 HPLC-MS analysis of LipS on ibuprofen pNP and phenyl ester 

The results measured by HPLC-MS analysis (2.8.3) were accomplished in the group of Prof. Jörg 

Pietruszka [Institute for Bioorganic Chemistry (IBOC), Heinrich Heine University Düsseldorf, 

Forschungszentrum Jülich, Germany]. LipS showed a preference for the (R)-enantiomer of ibu-

profen pNP ester with an enantiomeric excess (ee) of more than 83% (Figure 21 A). The stere-

oselectivity of LipS was even higher on ibuprofen phenyl ester, where an ee of 99% was de-

tected for the product and 77% for the substrate (Figure 21 B) which leads to an enantioselec-

tivity of E = 200 (c = 45%) for the phenyl ester (Figure 21 C). 
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Figure 21. HPLC-MS analysis of LipS acting (R)-enantioselectively on racemic ibuprofen esters. A) pNP 

ester (99,8:0,2 n-heptan/isopropanol, 0,5ml/min, 220 nm, Chiralpak IA) and B) phenyl ester (225 nm). As 

ibuprofen could not be measured directly in acidic form on the HPLC column, it was converted to a me-

thyl ester before measurement. The enantioselectivity value E was calculated for ibuprofen phenyl ester 

(C). 

3.6.5.10 Activity on tri- and polyglycerides 

The pH-stat method was applied in an automated titrator with tributyrin, triolein and polyglyc-

erol-3-laurate as substrates (2.8.4). Through the hydrolysis of the tri- and polyglycerides, free 

fatty acids were released that decreased the pH of the emulsion. The consumption rate of 20 

mM KOH which was used to keep the pH at 7.0 indicated enzyme activity. As LipT and Est5E5 
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did not show activity in the titration assay, the tests were only carried out with LipS. With 50 

mM tributyrin as substrate in PB pH 8.0, an amount of 0.825 ml of 20 mM KOH solution had to 

be added during a reaction time of 16.7 min and consequently, LipS had a specific activity of 

0.14 U/mg at 60°C (Figure 22 A). The activity was higher with 50 mM triolein as substrate and 

reached 0.20 U/mg (1.2 ml of 20 mM KOH solution added after 16.7 min, Figure 22 B). LipS 

showed its highest activity of 0.61 U/mg on a 7.5% emulsion of polyglycerol-3-laurate (3.7 ml 

of 20 mM KOH solution added after 16.7 min, Figure 22 C). 

 

Figure 22. Titration curves of LipS acting on 50 mM tributyrin (A), 50 mM triolein (B) and 7.5% polyglyc-

erol-3-laurate (C). Arrows indicate the time point (600 sec) when LipS was added into the reaction ves-

sel. 

3.6.5.11 Esterification by LipS 

LipS was applied in esterification assays (2.8.5) and its activity was compared with CalB (pur-

chased from c-lecta, Leipzig, Germany) as control. These assays require lyophilized enzyme 

(2.7.9) in order to avoid the hydrolysis reaction that occurs in the presence of water. At 70°C, 

the esterification reactions between 1-ǇǊƻǇŀƴƻƭ ŀƴŘ ŘŜŎŀƴƻƛŎ ŀŎƛŘ όάǇǊƻǇȅƭ ƭŀǳǊŀǘŜ ŀǎǎŀȅέύ ŀǎ 

well as 1-tetradecanol and myristic acid were catalyzed by 15 mg of lyophilized LipS and CalB. 

By titration, the acid values of the control reaction mixtures and the products 1-propyl laurate 

and 1-tetradecyl myristate were determined after 0, 24 and 48 h. In the control flask without 

enzyme, no significant changes of the acid values that indicate enzyme activity could be de-

termined for both reactions. During the synthesis reaction of 1-propyl laurate, the acid values 

of the reaction mixtures decreased from 294.58 to 70.14 in case of CalB and from 283.56 to 

210.41 in case of LipS (Figure 23 A). CalB also showed better activity during the synthesis of 1-



Results  83 

tetradecyl myristate, as the acid value decreased from 204.80 to 42.08, while the acid value 

decreased from 190.77 to 143.08 with LipS as catalyst (Figure 23 B). After 48 h, the formation 

of 1-propyl laurate was catalyzed by LipS with 0.12 U/mg and by CalB with 0.35 U/mg (Figure 

23 C). Activity of both enzymes was slightly lower during synthesis of 1-tetradecyl myristate 

(LipS 0.09 U/mg and CalB 0.28 U/mg). 

 

Figure 23. Acid values of the reaction mixtures decreased during the synthesis of 1-propyl laurate (A) 

and 1-tetradecyl myristate (B). The specific activities of LipS and CalB were higher during synthesis of 1-

propyl laurate (C). 

3.6.5.12 Kinetic resolution of secondary alcohols by LipS 

The enantioselective hydrolysis of four acetates of secondary alcohols by LipS was investigated 

by gas chromatographic analyses in the working group of Prof. Uwe Bornscheuer (Institut of 

Biochemistry, Dept. of Biotechnology and Enzyme Catalysis, Ernst-Moritz-Arndt University 

Greifswald, Germany; 2.8.6). Whereas the hydrolysis of 1-phenyl-1-propylacetate and 1-
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phenyl-1-ethylacetate proceeded with low enantioselectivity (E=3-4), high selectivity of LipS 

was observed for 1-phenyl-2-butylacetate and 1-phenyl-2-pentylacetate. In both cases, the 

corresponding chiral (R)-alcohols were obtained with at least 96% ee at approx. 50% conver-

sion.  

3.7 ·-Ǌŀȅ ŎǊȅǎǘŀƭƭƻƎǊŀǇƘƛŎ ŀƴŀƭȅǎƛǎ ƻŦ [ƛǇ{ 

The efforts leading to a crystal structure of LipS were made in the X-ray crystallography group 

of Dr. Jochen Müller-Dieckmann (EMBL c/o DESY, Hamburg, Germany). Crystallographic data 

sets were collected and reduced as described previously (Fersini et al. 2012). The structure 

model of LipS was solved with a resolution of 1.99 Å by using the protein LipS-WT derived from 

the construct lipS::pETM11+26 in E. coli BL21 (2.2; Chow et al. 2012). It crystallized in space 

group (SG) P4 and was solved by molecular replacement using the structure of the carboxyles-

terase Est30 from Geobacillus stearothermophilus (PDB code 1TQH, 27% sequence identity) as 

a model (2.9). The construct LipS-His6 derived from expression of lipS::pET-21a in E. coli BL21 

contained a His6-tag at the C-terminus and crystallized in SG P42212 (2.9; Chow et al. 2012, 

Figure 24 A). It diffracted X-ray radiation to 2.08 Å resolution.  

During purification by size-exclusion chromatography (Fersini et al. 2012), LipS appeared as a 

dimer. Accordingly, the asymmetric units of LipS in SG P4 and P42212 contained one and two 

identical dimers, respectively. The enzymes´ contact area contains 1245Å2 of accessible surface 

per monomer with several hydrogen bonds, salt bridges and many hydrophobic contacts that 

probably stabilize the dimer interface (Chow et al. 2012). 

LipS contains the fold of a classical h/  ̡hydrolase family member (Ollis et al. 1992). It consists 

of a central ̡ -ǎƘŜŜǘ ŎƻƴǎƛǎǘƛƴƎ ƻŦ ǎŜǾŜƴ ʲ-ǎǘǊŀƴŘǎ όʲ1Σ ʲ2Σ ʲ3Σ ʲ4Σ ʲ5Σ ʲ8Σ ʲ9ύ ǿƛǘƘ ʲ1 arranged 

antiparallel to the other strands (Figure 24 C). The sheet is sandwiched by helices Ah and h G 

on one side and helices hB through h F on the opposite side. The catalytic triad consisting of 

Ser126, Asp227 and His257 composes the active site (Figure 24 B, C). The serine residue is lo-

ŎŀǘŜŘ ŀǘ ǘƘŜ ǎƻ ŎŀƭƭŜŘ άƴǳŎƭŜƻǇƘƛƭƛŎ ŜƭōƻǿέΦ A 17 residues long loop between two short anti-

parallel ̡ -strandǎ ʲ6 and ̡ т and h D1  ́forms an extension (Figure 24 B, C). It covers the active 

site like a lid and creates a closed cavity around the active site residues Ser126 and His257.  
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Figure 24. Crystal structure of LipS. A) Single rectangular crystals of LipS-WT (Fersini et al. 2012). B) 

Monomer of LipS displayed as surface representation. The lid-domain (̡ 6, ̡ 7, h D1 )́ is colored in red and 

is shown as ribbon-representation (Chow et al. 2012). C) Ribbon representation of LipS (Chow et al. 

2012). The enzyme contains an h/  ̡hydrolase fold consisting of seven central ̡-sheets (̡ мΣ ʲнΣ ʲоΣ ʲпΣ 

ʲрΣ ʲуΣ ʲфΤ ǇǳǊǇƭŜ) in between h  helices (h !Σ ʰDΣ ʰ5-F, blue). The active site residues S126, D227 and 

His257 are shown as stick representation. The lid domain is colored in red. D) Electron density (blue) 

around the catalytic residues S126 and H257 that was interpreted as spermidine (Chow et al. 2012). 

Figures were prepared using secondary structure assignment obtained by PyMOL (DeLano 2002). 

 

The active site of LipS-WT in SG P4 contained strong residual electron density around S126 and 

H257 (Chow et al. 2012; Figure 24 D). This density was interpreted with spermidine which was 

used as an additive for improving crystal quality of LipS-WT. For crystallization of LipS-His6, 

spermidine was not added and the electron density thus could not be observed. 

The enzyme was incubated with a final concentration of 3 and 5 mM spermidine for 5 min at 

room temperature before 0.5 mM pNP decanoate was added to the reaction mixture. Subse-

quently, the mixture was incubated at 70°C for 10 min and the reaction measured in a pho-

tometer at 405 nm. Interestingly, the activity test showed that LipS was inhibited by spermi-
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dine depending on its concentration (Figure 25). With 65.6% and 43.4%, the residual activity of 

LipS was significantly lower when 3 and 5 mM spermidine, respectively, was present. 

 

 

Figure 25. The activity of LipS was inhibited by spermidine. Activity was determined in a photometer 

after 5 min of preincubation with spermidine and subsequent incubation with 0.5 mM pNP decanoate at 

70°C. 

3.8 tǎŜǳŘƻƳƻƴŀǎ ŀƴǘŀǊŎǘƛŎŀ {ƘƛǾŀƧƛ /a{ ор ŀǎ ƴƻǾŜƭ ŜȄǇǊŜǎǎƛƻƴ 

ǇƭŀǘŦƻǊƳ ŦƻǊ ƭƛǇƻƭȅǘƛŎ ŜƴȊȅƳŜǎ 

Different organisms were tested for their ability to express recombinant lipolytic enzymes and 

the best results were obtained with P. antarctica strain Shivaji CMS 35 (DSMZ, no. 15318). The 

strain was originally isolated from cyanobacterial mat samples found in pond L3 of Wright Val-

ley, Adam's glacier stream 1 (AƴǘŀǊŎǘƛŎŀΣ туϲс л {Σ мсоϲпр л 9Τ Reddy et al. 2004). The Gram-

negative member of the Pseudomonadaceae (Gammaproteobacteria) grows aerobic and has a 

rod-shaped body. P. antarctica is non-pathogenic, free living and motile as it possesses a polar 

flagellum. The psychrophilic bacterium is able to grow between 4 and 30°C with an optimum at 

22°C and pH 7.0 (Reddy et al. 2004). Common Luria Bertani (LB) and CASO broth can be used 

as medium. It only has weak endogenic lipase activity and can utilize adonitol, meso-erythritol, 

D-galactose, D-glucose, glycerol, meso-inositol and D-mannitol as carbon sources in contrast to 

e.g. D-cellobiose, lactose, D-maltose and sucrose (Reddy et al. 2004). It is sensitive to antibiot-

ics like ampicillin, chloramphenicol, kanamycin, gentamicin, penicillin, rifampicin and tetracy-

cline for which most commonly used vectors carry resistance genes. P. antarctica is able to 

express genes carried on common broad-host-range vectors (pBBR1MCS-5, pBR22b; 2.2). With 

its ability to grow at low temperatures, its easy transformability and physiological properties, 

P. antarctica has the potential to be a promising heterologous expression host for thermophilic 

lipases difficult to express in E. coli. 
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Special interest lies in the genetic properties. The genome of P. antarctica was sequenced, 

assembled and annotated by Sonja Voget and coworkers in the Göttingen Genomics Laborato-

ry (G2L, Georg-August University, Göttingen, Germany). The draft genome sequence is availa-

ble in the IMG database (https://img.jgi.doe.gov/cgi-bin/er/main.cgi) and currently contains 93 

contigs. Presently, more than 3,600 other bacterial genomes can be accessed at the IMG data-

base, among them are 65 genomes of Pseudomonas species. Figure 26 provides an overview of 

the phylogenetic relationship between P. antarctica and some of these Pseudomonas species. 

 

Figure 26. Phylogenetic relationship between 16S rRNA genes of P. antarctica and other Pseudomonads. 

Gene sequences were obtained from IMG (https://img.jgi.doe.gov/cgi-bin/er/main.cgi) and had a mini-

mum size of 1,400 bp. IMG Gene Object IDs are given in brackets, except for P. antarctica, which carries 

a NCBI accession number. Sequences were aligned by using ClustalW (Bioedit; Hall 1999, 2.11.1) and the 

Neighborhood-Joining method. The tree was calculated using the software MEGA 5.05 and the Maxi-

mum-Likelihood method. The scale bar represents the expected base changes per nucleotide position. 

Bootstrap values are given at the branches. 

 

P. antarctica has an overall genome size of approx. 6.27 Mb and a G+C content of 59.63%. The 

genome comprises 5,781 protein coding genes of which until now 5,590 have a predicted func-

tion. There are about 60 gaps of 2 to 3 kb in length left that have not been closed until now. 

Phylogenetically, 81.91% of the genes are closely related to genes from Gammaproteobacteria 

with at least 30% identity according to BLAST. Another 11.16% are unassigned, 3.56% are from 

Betaproteobacteria and 1.21% belongs to Alphaproteobacteria. Within the genes belonging to 

Gammaproteobacteria, 96.28% belong to Pseudomonadaceae (mostly P. fluorescens) and 

1.96% to Enterobacteriaceae. 

According to the COGs (Clusters of Orthologous Groups of proteins) database (Tatusov et al. 

2003), a function could be predicted for 4,528 genes (78.33% of all genes; Figure 27).  
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Figure 27. Proteins of P. antarctica and their predicted functions according to COGs. Until now, no par-

ticular function could be assigned to about one third of the proteins.  

 

Concerning hydrolytic enzymes, 38 annotated /h  ̡hydrolase family members, 10 putative ̡-

lactamases, 27 putative esterases (including thio- and phosphodiesterases) and 7 putative 

lipases (including phosphor- and lysophospholipases) occur. P. antarctica possesses genes en-

coding proteins necessary for the Sec and Tat translocation systems as well as the Sec/Tat-

dependent type II and Sec-dependent type Vb (autotransporter) secretion systems. For Sec-

independent secretion, it contains the genes for type I, III and VI secretion systems. The genes 

yscFOPX that encode for proteins responsible for the assembly of a needle complex belonging 

to the type III secretion system are not present (Figure 28). 

Assumedly, P. antarctica does not produce signal molecules for cell-cell communication. With-

in its genome, no genes were annotated as auto-inducer synthase genes. Searches for an auto-

inducer synthase from Pseudomonas fluorescens (GenBank acc. no. AAC18898), two different 

putative acylhomoserine lactone synthases from Pseudomonas fluorescens (GenBank acc. no. 

AAF61720.1 and AAF61718.1) and an acyl homoserine lactone biosynthetic protein from P. 

syringae pv. syringae (GenBank: AAC24591.1) did not lead to any results when blasted against 

the P. antarctica genome. Searches for the PcoI/PcoR quorum sensing system in P. fluorescens 

(GenBank acc. no. AAT42217.1 and AAT42219.1) were also not successful. Interestingly, anno-

tated genes in relationship with the auto-inducer receptor LuxR were found in genome. There 
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are three putative LuxR-type transcriptional regulators (IMG gene object ID 2510911850, 

2510912117 and 2510913402) and five putative LuxR-family regulatory proteins (IMG gene 

object ID 2510913223, 2510910960, 2510912396, 2510913645 and 2510914061). 

Concerning motility, genes encoding two proteins A (2510911775 and 2510915155) and one 

motility protein B (2510915154) as well as one gliding motility regulatory protein 

(2510914450) and two swarming motility regulation sensor proteins rssA (2510912802 and 

2510914230) were found within the genome. 

Figure 28 shows a comparison between secretion systems components of P. antarctica and E. 

coli BL21. P. antarctica could offer benefits for protein export especially concerning the type I 

and type V system, because enzymes can be transported through the inner and outer mem-

brane (Henderson et al. 2004).  

 

 

Figure 28. Components of protein secretion systems from E. coli BL21 and P. antarctica according to a 

KEGG pathway search (http://www.genome.jp/kegg/pathway/map/map03070.html). Light gray, pro-

teins occurring in P. antarctica Shivaji CMS 35; black, proteins from E. coli BL21; dark gray, proteins from 

both organisms. Proteins that do not occur in both species are colorless. SRP, small recognition particles. 
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3.8.1 Overexpression of LipT in Pseudomonas antarctica Shivaji CMS 35 

As the expression rates of LipT were low in E. coli (3.6.4), P. antarctica was chosen as a new 

expression host that has optimal growth at lower temperatures between 17 and 22°C. Beneath 

25°C, LipT is supposed to have a lower lipolytic activity (3.6.5.2) that probably affects the host 

bacterium. The gene lipT was amplified by PCR from lipT::pET-21a with the primer pair 

lipT_ApaI for and lipT_PstI rev (2.3). The product contained a His6-coding sequence and was 

ligated into the broad host range vector pBBR1MCS-5 (2.2). As another expression vector, 

pBR22b was chosen, because it enables an induction of gene expression with IPTG when the 

vector is present together with the T7-polymerase coding vector pML5-T7 in P. antarctica (2.2). 

The gene was cut out of the plasmid lipT::pET-21a with NdeI and HindIII and ligated into the 

vector pBR22b (2.6.8.3) that encodes a C-terminal His6-tag sequence. Competent P. antarctica 

cells (2.6.9.2.1) were transformed with the constructs by heat-shock (2.6.9.2). The trans-

formants were selected on LB-agar supplemented with 50 µg/ml gentamicin (lipT::pBBR1MCS-

5) or 150 µg/ml chloramphenicol and 7 µg/ml tetracycline (lipT::pBR22b and pML5-T7; 2.4.4). 

Presumably because the constructs lipT::pBR22b and pML5-T7 together had a size of more 

than 27 kb, P. antarctica cultures that contained both of them grew very slowly so that about 

three days were required until the cell density was high enough to use it as inoculum. For ex-

pression cultures, 300 ml of LB medium supplemented with the appropriate antibiotics were 

inoculated with up to 3% of freshly grown cultures of P. antarctica containing the respective 

plasmids. Protein expression in P. antarctica cultures with lipT::pBR22b and pML5-T7 was in-

duced with 1 mM IPTG at an OD600 of 0.8. The cultures were incubated up to three days until 

an OD600 of at least 10.0 was reached. The cultures were harvested by centrifugation (2.5.6) 

and crude cell extracts were prepared by French pressure cell and ultrasonication (2.7.2). The 

His6-tagged LipT was purified from the soluble fraction by Ni-ion affinity chromatography 

(2.7.3). Protein concentrations were determined using Bradford (2.7.6). The elution fractions 

were concentrated if necessary (2.7.5) and analyzed by SDS-PAGE and Western Blot (2.7.7, 

2.7.8, Figure 29). 
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Figure 29. LipT expressed in P. antarctica and E. coli. A) SDS-PAGE of a 15% acrylamide gel stained with 

Coomassie solution. It shows recombinant proteins derived from P. antarctica containing lipT::pBR22b. 

CE, crude cell extract of non-induced culture; CE+I, crude cell extract of culture induced with 1 mM IPTG; 

M, marker Fermentas SM0431; LipT, concentrated elution fractions after His6-tag purification. A visible 

band according to the size of LipT was only visible after Western Blot analysis. B) Western Blot after SDS-

PAGE on a 15% acrylamide gel showing proteins derived from P. antarctica expressing lipT::pBR22b. 

LipT, concentrated elution fractions after His6-tag purification; M, marker Fermentas SM0671. C) SDS-

PAGE of a 15% acrylamide gel with proteins derived from E. coli BL21 (DE3) expressing lipT::pET-21a 

(lane 1 to 3: 1, elution fraction no. 1; 2, elution fraction no. 3; 3, elution fraction no. 5.) as well as pro-

teins derived from P. antarctica expressing lipT::pBBR1MCS-5 including His6-tag (lane 4 to 6: 4, elution 

fraction no. 1; 5, elution fraction no. 3; 6, elution fraction no. 5). M, marker Fermentas SM0431. The 

arrows indicate possible bands of LipT that correspond with the calculated sizes of 38 kDa for the mon-

omer and 76 kDa for the dimer including His6-tag. Between 10 and 20 µg of protein were applied of each 

sample. 

An explicit band that could be assigned to LipT could not be observed in the crude cell extracts 

of P. antarctica with lipT::pBR22b that have been induced with 1 mM IPTG or served as non-

induced control (Figure 29 A). The concentrated elution fractions after His6-tag purification 

contained 10 protein fractions with sizes between approx. 16 and 100 kDa. However, none of 

the fractions corresponded with the estimated size of LipT as monomer (38 kDa incl. His6-tag), 

although the sample was treated with denaturing sample buffer and 5 min incubation at 95°C. 

Only a Western Blot analysis with His5-specific antibodies (Figure 29 B) showed two bands at 

approx. 38 and 38.5 kDa that correspond in their sizes with LipT including His6-tag. In contrast, 

the SDS-PAGE of elution fractions containing LipT purified from P. antarctica lipT::pBBR1MCS-5 

contained one protein fraction next to many others, that is consistent with the estimated pro-

tein size of LipT (Figure 29 C). The SDS-PAGE analysis of these elution fractions showed in com-

parison with elution fractions obtained from His6-tag purified LipT expressed in E. coli BL21 

(DE3; lipT::pET-21a), that the protein pattern strongly differs (Figure 29 C). An explicit band is 

only visible after expression in E. coli BL21 (DE3) in the elution fraction no. 3 at ca. 78 kDa. This 

size corresponds with the calculated size of the dimer.  
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Due to the relatively slow growth of the P. antarctica cultures that contained lipT::pBR22b and 

pML5-T7, further tests were carried out with the plasmid lipT::pBBR1MCS-5. The protein yield 

after His6-tag purification was determined by using the Bradford assay (2.7.6). The culture of E. 

coli BL21 (DE3) containing lipT::pET-21a that was grown at 17°C and induced with 1 mM IPTG 

produced the highest amounts of LipT (3.01 mg/g pellet after extended incubation time of 20 

h, Figure 30). Expression in P. antarctica with lipT::pBBR1MCS-5 was also possible in significant 

amounts (1.15 mg/g pellet). The specific activity of LipT was calculated after measuring the 

enzyme activity at 75°C with 1 mM pNP decanoate in 0.1 M PB pH 8.0 for 6 min (2.8.2.3). 

 

Figure 30. Comparison between protein yield and specific activity of LipT expressed in P. antarctica and 

E. coli BL21 (DE3). One culture of E. coli remained uninduced, one was induced with 1 mM IPTG. Activity 

was measured with 1 mM pNP decanoate at 75°C. 

LipT was slightly more active when expressed in the psychrophilic host P. antarctica. (Figure 

30). The activity reached 0.39 U/mg when expressed in P. antarctica (lipT::pBBR1MCS-5), 0.32 

U/mg expressed in E. coli BL21 (DE3; lipT::pET-21a) and 0.12 U/mg when the respective E. coli 

culture was induced with 1 mM IPTG. Measurements with 1 mM pNP dodecanoate as sub-

strate at 75°C for 10 min (2.8.2.3) resulted in a specific activity of LipT with 0.18 U/mg when 

expressed in P. antarctica and 0.17 U/mg when expressed in E. coli BL21 (DE3) both with and 

without IPTG induction. Because quantitatively more protein was produced and the culture 

growth was faster, further research was accomplished with LipT expressed in E. coli BL21 

(DE3).  
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4 5ƛǎŎǳǎǎƛƻƴ 

Some biotechnological processes demand working temperatures above 70°C and thus biocata-

lysts that are able to resist high temperatures for longer time periods. Thermophilic bacteria 

are able to produce enzymes with high thermostability that can be applied in biotechnology. 

The aim of this study was to identify lipases with optimal activity above 70°C and resistance 

against thermal denaturation for an extended time period. Additionally, the lipases should be 

active on long-chained acyl esters with more than eight carbon atoms. In order to find these 

enzymes, metagenomics was applied. It is estimated that 99% of all microorganisms are not 

cultivable with standard techniques under laboratory conditions (Riesenfeld et al. 2004). By 

avoiding the cultivation step and enrichment of pure cultures, metagenomics provides access 

to the unexplored genes and proteins of these microorganisms. 

Therefore, metagenomic libraries constructed from thermophilic enrichment cultures as well 

as other libraries available in the working group were screened for clones with lipolytic activity. 

Three of the clones that showed elevated temperature optima were further investigated. The 

lipases Est5E5, LipT and LipS were identified, purified and subsequently characterized in detail 

for their enzymatic properties and regarding their applicability in industry. 

4.1 ¢ƘŜǊƳƻǇƘƛƭƛŎ ŜƴǊƛŎƘƳŜƴǘ ŎǳƭǘǳǊŜǎ 

Two enrichment cultures, inoculated with samples from soil and water of the Botanical Garden 

in Klein Flottbek (Hamburg, Germany) or heating water from the Biocenter Klein Flottbek, 

were incubated at 65 and 75°C (2.5.1; 3.1). Although this kind of cultivation step decreases the 

overall bacterial diversity, it helps to preselect thermophilic bacteria and thus to find the de-

sired enzymes with habitat-related properties (i. e. high temperature stability and high tem-

perature optimum). Metagenomics using DNA of enrichment cultures was often applied and 

led to the discovery of the desired enzymes, especially when a carbon source or substrate was 

added to the medium that was selective for species containing the genes of interest (Voget et 

al. 2003; Daniel 2005; Meilleur et al. 2009; Beloqui et al. 2010; Schmidt et al. 2010). For 

example, the growth of biotin-producing microbes was favored in a previuos study by the 

addition of avidin to the culture medium which resulted in the identification of seven different 

cosmid clones carrying biotin biosynthesis operons (Entcheva et al. 2001). Another advantage 

is the often higher yield and better quality of DNA that can be extracted. Especially DNA 

isolation directly from soil is often related with difficulties because of humic acids and other 

complex polyphenols present in the sample (Tebbe and Vahjen 1993). 
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The enrichment culture inoculated with soil and water samples from the Botanical Garden was 

held at 65°C on mineral salt medium (MSM) supplemented with pyruvate and olive oil as sole 

carbon sources under moderate aeration (2.5.1.1). Although the sample sites were located in 

the moderate climate zone, they contained thermophilic bacteria or at least bacteria with high 

thermotolerance that were enriched at this temperature. This corresponds with other obser-

vations indicating that soil bacteria can also be thermophilic, e. g. like many Geobacillus spe-

cies (Marchant et al. 2002). The phylogenetic diversity of bacteria within soil belongs to the 

highest known ranging from 2,000 to 18,000 different genomes and up to 109 cells per gram of 

soil (Torsvik et al. 1990; Daniel 2005). Of course, these numbers depend on the DNA extraction 

and investigation method applied (Delmont et al. 2011). Considering studies estimating that 

10% of all cultivable soil bacteria have thermophilic properties (Marchant et al. 2008), this 

would lead to more than several hundreds of thermophilic species, cultivable and uncultivable, 

per gram of soil that could be accessed by metagenomics. Besides, many lipolytic enzymes 

were found in metagenomic libraries constructed with DNA from soil bacteria before (Henne 

et al. 2000), see introduction 1.3.1). Additionally, lipolytic bacteria within the enrichment were 

favored by supplementation of olive oil to the culture medium (3.1.1). Olive oil consists of tri-

glycerides with acyl chain residues of 14 to 22 carbon atoms (Fedeli 1977) that can be utilized 

by lipase-producing bacteria. 

Next to Geobacillus debilis and uncultured Clostridia and Enterobacteriaceae, the most abun-

dant member of the enriched consortium was Symbiobacterium thermophilum (3.1.1). This 

symbiotic bacterium was first isolated in co-culture with a Bacillus strain from compost and has 

an optimal growth temperature of approx. 60°C (Ohno et al. 2000). The complete genome of 

the strain IAM14863 was sequenced (Ueda et al. 2004) and contains four putative esterase 

genes and two genes encoding putative lipases. As this bacterium´s growth depends on me-

tabolites of a related Bacillus species, it is likely, that these species were also present in the 

enrichment culture. Perhaps their DNA could not be extracted or their 16S rRNA genes were 

not amplified by PCR with specific primers. It is also possible that their sequences were just not 

considered as only 20 sequences were evaluated (3.1.1). Probably this number did not repre-

sent all species occurring in the enrichment.  

The second enrichment culture was inoculated with samples from a heating water system in 

the Biocenter Klein Flottbek (3.1). Decades ago, such kinds of water-systems were found to be 

man-made thermal habitats for bacteria (Brock and Boylen 1973). Compared with soil, the 

diversity within this habitat is estimated to be lower, but the abundance of thermophilic bacte-

ria is probably higher. The phylogenetic analysis of the enrichment culture revealed that most-

ly species related to Thermus scotoductus were present in the enrichment (3.1.2). Again, the 
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quantity of analyzed clones should have been higher for a precise analysis. Thermus species 

are well-known producers of lipolytic enzymes (Sigurgisladottir et al. 1993; Fucinos et al. 

2005), so the possibility to find a lipase-producing bacterium in this enrichment was assessed 

as relatively high.  

4.2 aŜǘŀƎŜƴƻƳƛŎǎ ŀƴŘ ǎŎǊŜŜƴƛƴƎ ƳŜǘƘƻŘǎ 

The metagenomic library constructed from the soil and water enrichment culture (MSM-

enrichment) comprised 38.38 Mb and the heating water enrichment culture (Thermus-

enrichment) a total of 3.45 Mb (3.2). Both libraries assumedly contained enough heterologous 

DNA to represent most organisms present in the enrichments.  

Functional screening should be preferred to sequence based screening methods, especially 

when the aim is to discover novel lipolytic enzymes, because the gene sequences of lipases 

and carboxylesterases are very diverse and contain different conserved amino acid motifs 

(Pleiss et al. 2000). Thereby, recombinant enzymes that are functionally expressed and active 

can be detected that probably contain unknown sequence motifs.  

Screening of the metagenomic libraries was performed with the short-chained ester substrate 

tributyrin (C4, TBT) and long-chained pNP esters. Interestingly, some clones further investigat-

ed in this study were often not clearly active on TBT and were finally screened positive at tem-

peratures between 50 and 75°C on pNP dodecanoate (C12; 3.3). The microtiter plate screening 

with pNP esters of different C-chain lengths is more laborious and expensive, but in this case, 

activity could be observed more clearly and thus, it showed better results. Statistically, one in 

144 clones was screened active on pNP dodecanoate in the Thermus-enrichment library and 

one in 1083 clones from the MSM-enrichment showed activity on this substrate (3.3).  

Although LipS and LipT were screened positive with pNP substrates, the esterase Est5E5 was 

detected with the common TBT test in the metagenomic library constructed with DNA from a 

biofilm growing on the valve of a drinking-water pipeline (3.4; Schmeisser 2004). Esterases and 

lipases are exoenzymes that commonly occur in biofilms and are for example produced by 

pathogenic bacteria. The biofilm forming Staphylococcus epidermidis secretes lipases as viru-

lence factors that play an important role for host tissue colonization (Zhang et al. 2003). The 

esterase EstA produced by P. aeruginosa PAO1 is bound on the outer-membrane and is essen-

tial for rhamnolipid production. Rhamnolipids, however, play a key-role for cell motility and 

biofilm formation (Wilhelm et al. 2007). 

 Previously, the esterase EstA3 was discovered in the same metagenomic library like Est5E5 
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and was subsequently characterized (Schmeisser 2004; Elend et al. 2006). Unlike Est5E5, the 

amino acid sequence of this esterase shared 59% identity with a -̡lactamase from Sphingopyx-

is alaskensis (ZP_00579205.1). EstA3 acted preferably on short-chained ester substrates like 

pNP butyrate (C4) and had its optimal activity at 50°C. Environmental biofilms provide condi-

tions that promote the accumulation of enzymes with unusual properties, for example EstA3 

worked much better at an alkaline pH of 9.0.  

From five other libraries that were screened, i. e. the metagenomic libraries of an elephant 

feces enrichment as well as directly of elephant feces, of enriched fluids from a hydrothermal 

vent (Thermococcales consortium-library) and of sediment from the river Elbe in Glückstadt 

and Teufelsbrück, altogether 95 clones were screened positive (see Table 12). The screening 

was performed mostly on TBT and at 37°C, except for the Thermococcales consortium-library 

which was screened with pNP dodecanoate at 60°C, too (2.8.2.2, 3.4). Disappointingly, the 

archaeal putative esterases and lipases from this cosmid library that were screened active on 

pNP dodecanoate only showed low yields after cloning and overexpression in E. coli BL21 

(3.5.3) and activities in the standard pNP assay at 60-90°C that were not higher than measured 

for the cosmid clones. One of the genes had a significant similarity to a metallophosphoester-

ase gene from Thermococcus onnurineus NA1 (GenBank acc. no. ACJ16475.1) that was identi-

fied as a hyperthermostable enzyme after 2 h heat-treatment at 100°C in a proteome study, 

but it was not expressed in E. coli (Yun et al. 2011). In other studies, three enzymes from 

Thermococcus hydrothermalis, i.e. an h -amylase, a NADPH group III alcohol dehydrogenase 

and a type III pullulanase, were successfully overexpressed in E. coli (Antoine et al. 1999; Erra-

Pujada et al. 1999; Leveque et al. 2000).  

Nevertheless, there are only few archaeal esterases known that were recombinantly expressed 

in E. coli. One example is the thermostable and thermophilic esterase AFEST from Archaeoglo-

bus fulgidus which has the best activity with pNP hexanoate (C6; Manco et al. 2000). Another 

recombinant esterase from the hyperthermophilic archaeon Pyrococcus furiosus showed a 

temperature optimum of 100°C and a high thermostability with a half-life of 50 min at 126°C 

(Ikeda and Clark 1998). It was most active on the short-chained MU acetate (C3) and analysis of 

the cloned fragment and expression studies revealed that the esterase coding gene was under 

control of its own promotor of which transcription in E. coli was initiated from. Perhaps better 

yields could be achieved for the esterases or lipases originating from the Thermococcales-

enrichment library, if the cloned fragments also contained their native promotor sequence 

that seems to be recognized by E. coli. Another promising approach would be to express the 

enzymes in a modified Thermococcus strain. Santangelo and coworkers developed a shuttle 

vector expression system that enables protein expression in both E. coli and Thermococcus 
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kodakaraensis (Santangelo et al. 2008). The shuttle vector expression of a tagged enzyme was 

about 8-fold higher than with chromosome expression. Finally, the esterases or lipases from 

the Thermococcales consortium-library should be characterized, because they certainly pos-

sess interesting features concerning heat-stability and activity at high temperatures.  

Only one clone from the metagenomic library of sediment from the river Elbe in Glückstadt 

was further investigated due to time constraints. But the identified esterase 143/F5 did not 

show thermophilic properties and was thus not further analyzed (3.5.4). However, for other 

applications this enzyme as well as the other over 80 lipolytic clones from the different librar-

ies (Table 12) could possess suitable characteristics and thus it would be promising to do fur-

ther research on them. 

4.3 /ƭŀǎǎƛŦƛŎŀǘƛƻƴ ƻŦ ǘƘŜ ƭƛǇƻƭȅǘƛŎ ŜƴȊȅƳŜǎ 

Lipases and esterases were grouped into the eight major families I-VIII and eight subdivisions 

of family I according to sequence homologies and physiological functions (Arpigny and Jaeger 

1999). With current alignment methods, it was not possible to group LipS and LipT into any of 

the eight existing families that were represented by 47 reference sequences (2.10; Chow et al. 

2012). Hence, LipS and LipT were grouped into two new families that did not have distinctive 

similarity to any of the known families together with a set of homologous sequences found by 

a BLASTX-search (2.11.2; 3.6.3).  

All seven sequences from the LipS group had four conserved motif blocks that consisted of at 

least five amino acids: H-G-F-T-G near the N-terminus, G-L-S-M-G-G containing the catalytic 

serine, P-I-N-A-A in the middle of the sequence and N-S-Y-H-V-A-T with the catalytic histidine. 

The catalytic aspartate was located in a D-H-V motif. From the LipS group, only one esterase 

was characterized until now. The esterase EstGtA2 from Geobacillus thermodenitrificans was 

expressed in E. coli and after purification, a specific activity of 2.58 U/mg was measured under 

optimal conditions on pNP octanoate (C8) at 50°C and pH 8.0, which is lower than the activity 

of LipS (Charbonneau et al. 2010). 

The five members of the LipT group had very high amino acid sequence identities to each oth-

er. Altogether, 18 conserved motif blocks consisting of five to 19 amino acids were found that 

were identical within all of the five sequences. The catalytic serine was located in a V-F-V-T-G-

C-S-A-G-A-Y-G-A motif. To current knowledge, these annotated putative esterases have not 

been characterized. 

Although Est5E5 showed a certain sequence similarity to members of family I.3, other physio-
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logical criteria for these family members were not suitable (3.6.3). For the Est5E5 group, 21 

conserved motif blocks of at least five amino acids were found and the serine was located in a 

T-G-Y-S-Q-G-G-H motif.  

These results show that the diversity within the sequences of esterases and lipases is very high 

and many cannot be grouped into one of the existing eight families (Chow et al. 2012). 

4.4 IŜǘŜǊƻƭƻƎƻǳǎ ƻǾŜǊŜȄǇǊŜǎǎƛƻƴ ƻŦ ǘƘŜ ƭƛǇƻƭȅǘƛŎ ŜƴȊȅƳŜǎ 

It is estimated, that 60% of all heterologous genes are not expressed in E. coli (Gabor et al. 

2004) and therefore, the large potential of interesting genes and proteins they encode cannot 

be explored. Still, E. coli is the most popular bacterial expression host, because of its inexpen-

sive and simple cultivation that can reach high cell densities in fermentation and the large 

number of expression systems and tags for purification that can be applied. 

4.4.1 Expression of Est5E5 in E. coli 

The esterase Est5E5 had 84% identity to a conserved hypothetical protein from Acidovorax 

radicis N35. According to current knowledge, no enzymes of this wheat-root colonizing bacte-

rium have been investigated for their potential as biocatalysts. The overexpression of Est5E5 

was possible with yields of approx. 3.4 mg/g of cell pellet after His6-tag purification (3.6.4). 

After concentrating the elution fractions (2.7.5), the samples were analyzed by SDS-PAGE 

(2.7.7) and revealed several bands, of which one distinct band at 50 kDa had the estimated size 

of Est5E5. This band could be verified as Est5E5 by subsequent Western Blot immunoassay 

detecting the His6-tag (2.7.8).  

4.4.2 Expression of LipT in E. coli and P. antarctica 

LipT was only expressed with a low yield of approximately 1.6 to maximal 3.0 mg/g of cell pel-

let (3.6.4 and 3.8.1) after His6-tag purification, but it showed relatively high activity. In order to 

reach this yield, the E. coli BL21 expression culture had to be induced with 1 mM IPTG and 

incubated at 17°C for 16 h instead of 4 h at 37°C. The reason for this probably lies in the lower 

activity of the lipase at this temperature. With a lower activity, it is less able to interfere with 

the host metabolism or cell wall components and it is thus less harmful.  

Many attempts were made to find the reason for the low level of enzyme production and to 

increase protein yield. LipT contained a secretion signal sequence (3.6.2) that could have been 

recognized by E. coli for Sec-translocation, but no lipolytic activity could be determined in the 
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culture supernatant. An approach to express a truncated construct of LipT without the fist 30 

nucleotides and thus without a possible signal sequence was also not successful concerning a 

better yield. Probably only a small amount of the enzyme was folded correctly into its active 

form and the misfolded fraction was degraded by proteases. As LipT could not be purified from 

inclusion bodies of the insoluble fraction of E. coli, the expression was probably prevented at 

an earlier stage. LipT had a 96% identity to a putative esterase from Thermus scotoductus SA-

01. The codon usage of E. coli differs from Thermus scotoductus to 22.73% and to Thermus 

thermophilus HB27 even to 40.67% (http://www.gcua.de and http://www.kazusa.or.jp/codon). 

As an example, E. coli shows 100% relative adaptiveness to the codon GAT for the amino acid 

Asp and Thermus thermophilus HB27 only 5%. For this reason, the nucleotides of lipT were 

adapted to the codon usage of E. coli and the gene was synthesized [Mr. Gene (GeneArt), Re-

gensburg, Germany]. This attempt as well as the use of other E. coli strains like Rosetta and 

Rosetta-gami 2 that provide rare codon tRNAs and enhanced disulfide bond formation unfor-

tunately also did not yield a higher amount of recombinant LipT. Other lipases from Thermus 

species had to be expressed in yeasts like Kluyveromyces lactis and Saccharomyces cerevisiae 

(Lopez-Lopez et al. 2010; Rocha et al. 2011) with reasonably better results for unknown rea-

sons. While the esterase EstTs1 (GenBank acc. no. ACS36170) from Thermus scotoductus SA-01 

was successfully expressed in E. coli (du Plessis et al. 2010), an amino acid sequence compari-

son showed that it was not related with LipT as it only had a low amino acid identity of 27.5% 

according to an EMBOSS Needle alignment (http://www.ebi.ac.uk/Tools/psa/). Besides, it had 

a high max. identity of 99% to a lactonase from Thermus scotoductus SA-01 (NCBI acc. no 

ADW21534.1) according to a BLASTP-search (Altschul and Koonin 1998). Nevertheless, the 

reasons for expression problems with Thermus-lipases in E. coli still have to be further eluci-

dated. 

As a low temperature expression showed good results, an expression host should be found 

with an optimal growth temperature around 20°C. Thus, the strain P. antarctica Shivaji CMS35 

was obtained from the DSMZ culture collection. It has not been used as an expression host 

before and it possessed suitable and valuable characteristics like a growth temperature be-

tween 4 and 30°C and an optimum at 22°C (Reddy et al. 2004), as well as sensitivity against 

most of the antibiotics commonly used in molecular biology (3.8). The expression of LipT in P. 

antarctica was compared to the expression in E. coli. Unfortunately, P. antarcticás growth rate 

was decelerated because of the vectors used (IPTG-inducible pBR22b and pML5-T7 have a size 

of 26.5 kb) and less of the enzyme was produced. By integration of the T7-polymerase-gene 

carrying plasmid pML5-T7 into the genome, a better growth and a high level production may 

be possible. By using the smaller, but not inducible broad-host-range vector pBBR1MCS-5, the 
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growth rate was already better and the yield was higher than with pBR22b (3.8.1).  

After expression of LipT in E. coli BL21 and P. antarctica, the enzyme was purified by Ni-ion 

chromatography (2.7.3, 3.8.1) and the elution fractions were subsequently concentrated. After 

purification from E. coli, several bands were observed that could correspond with the size of 

LipT expressed as monomeric protein (38 kDa), dimer (76 kDa) or a trimer (114 kDa; 3.6.4, 

Figure 13). As the esterase was highly stable against heat-denaturation, detergents and sol-

vents, it would have been possible, that the protein does not denature during the usual sample 

preparation (denaturing sample buffer, 5-10 min incubation at 95°C). However, the Western 

Blot analysis of LipT after an SDS-PAGE under denaturing conditions verified a molecular 

weight of 38 kDa (Figure 14).  

In contrast, the protein band pattern after expression in P. antarctica looked differently. The 

concentrated elution fractions of LipT purified from P. antarctica lipT::pBBR1MCS-5 contained 

one protein fraction next to many others, that was consistent with the estimated protein size 

of LipT with approx. 38 kDa (3.8.1, Figure 29).  

When LipT was purified from the crude cell extracts of P. antarctica containing the other con-

struct lipT::pBR22b, 10 protein fractions with sizes between approx. 16 and 100 kDa could be 

observed after SDS-PAGE (3.8.1, Figure 29). None of the fractions corresponded with the esti-

mated size of 38 kDa for LipT as monomer and only after a Western Blot immunoassay a dou-

ble-band was clearly visible with approx. 38 and 38.5 kDa that corresponded with LipT (3.8.1, 

Figure 29). This double-band could be the result of a post-translational modification like e. g. 

glycosylation or the protein was processed in some other way. Surprisingly, a better activity 

could be measured for LipT expressed in P. antarctica (0.39 U/mg) than after expression in E. 

coli (0.12 U/mg). If it turns out that P. antarctica produces enzymes that are probably more 

active than their counterparts produced in E. coli, this would be an additional advantage. How-

ever, these first expression tests indicate that P. antarctica could be an ideal expression host 

after deletion of interfering genes responsible for e. g. recombination or proteases. 

4.4.3 Expression of LipS in E. coli  

The amino acid sequence of the enzyme LipS was 100% identical with a putative esterase from 

Symbiobacterium thermophilum IAM14863. Up to now, a gene encoding a -̡tyrosinase (tyro-

sine phenol-lyase) from a Symbiobacterium species and a ̡-N-acetylhexosaminidase from 

Symbiobacterium thermophilum were expressed in E. coli and used as biocatalysts (Lee et al. 

1997; Ogawa et al. 2006). Like for LipT, a higher yield of LipS could be reached at an expression 

temperature of 17°C with more than 15.0 mg of protein per gram of cell pellet after His6-tag 
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purification (3.6.4). The yield of the protein was therefore even high enough for freeze-drying 

without significant losses. LipS was visible as one single band of approx. 31.7 kDa after dena-

turing SDS-PAGE and Western Blot analysis. 

4.5 9ƴȊȅƳŀǘƛŎ ǇǊƻǇŜǊǘƛŜǎ ƻŦ 9ǎǘр9рΣ [ƛǇ{ ŀƴŘ [ƛǇ¢  

Lipases have been defined as carboxylesterases that are able to act on long-chain acylglycerols 

with җ10 carbon atoms in their acyl-chain (Jaeger et al. 1999). Additionally, the so-called άǘǊǳŜ 

ƭƛǇŀǎŜǎέ ŀǊŜ ŀŎǘƛǾŀǘŜŘ ƻƴ ƛƴǘŜǊŦŀŎŜǎ ōŜǘǿŜŜƴ ƭƛǇƛŘ ŀƴŘ ǿŀǘŜǊ ŀƴŘ ǇƻǎǎŜǎǎ ŀ ǎǳǊŦŀŎŜ ƭƻƻǇ ǎǘǊǳc-

ture called lid that permits interfacial activation. Considering the last two criteria, LipS is clearly 

a lipase, because its crystal structure revealed a lid and it was active even on pNP stearate (C18; 

3.6.5.1). Besides, of all three enzymes tested, only LipS showed hydrolytic activity on the sub-

strates TBT, triolein and polyglycerol-3-laurate that were emulsified in the titrator and thus it 

probably was the only enzyme activated at an interface (3.6.5.10). The titration assay is much 

more sensitive than the TBT agar plate assay that is why the lipase showed much better activi-

ty on this substrate when measured in the titrator. LipT was able to hydrolyze long-chain sub-

strates like pNP palmitate (C16) and stearate, though with low activity (3.6.5.1), while Est5E5 

was only able to act on pNP myristate (C14) and no activity could be measured with pNP palmi-

tate and stearate (3.6.5.1). Besides, Est5E5 was much more active on pNP butyrate (C4) and 

hexanoate (C6) than LipS and LipT. As it is unclear if the structures of both enzymes contain a 

lid, both could be classified equally as an esterase or a lipase. Just to emphasize the difference 

between LipT´s activity on longer pNP ester chain lengths, it was called a lipase in this work. It 

is noteworthy that clear classification of enzymes into lipases and esterases is sometimes not 

possible, as even Candida antarctica lipase B does not fulfill all criteria of a lipase with a miss-

ing lid-structure and without activation at interfaces (Martinelle et al. 1995; Trodler and Pleiss 

2008). 

The most important characteristics that the lipolytic enzymes in this study should have were 

thermostability, activity at elevated temperatures and on esters with long-chain acyl residues. 

Comparing the activities of the three enzymes, Est5E5 was not sufficiently stable against heat-

denaturation, as it was inactivated after 60 min incubation at 50°C and after 30 min at 60°C 

(3.6.5.2). LipT was much more stable as it possessed over 20% residual activity after 54 h at 

70°C and over 40% after 4 h at 90°C (Figure 17). Still, the highest stability was observed for LipS 

with over 35% activity after 66 h at 70°C and over 50% after 4 h at 90°C (Figure 17). Reasons 

for this stability, among others, could be the rather compact and rigid enzyme structure with 

flexible regions, a hydrophobic surface and the position of the N- and C-terminal ends close to 
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the core (3.7; Vieille and Zeikus 2001; Kamal et al. 2011; Radestock and Gohlke 2011; Kamal et 

al. 2012). Compared with the homologous esterase of Rhodopseudomonas sp., LipS contains 

more stabilizing arginine residues (6.8% instead of 2.8-4.0%) and less cysteine sensitive to oxi-

dation (1.1% instead of 1.6-2%; Mrabet et al. 1992; Vieille and Zeikus 2001). 

While the optimal temperature of Est5E5 lied with 50°C in a moderately thermophilic rage, 

LipS and LipT were truly thermophilic enzymes with optima at 70 and 75°C, respectively 

(3.6.5.2). There are only few lipolytic enzymes derived from metagenomes that show high 

temperature optima as well as high thermostability (Table 23). Most of the lipolytic enzymes 

discovered in metagenomic libraries made directly from soil DNA possess a temperature opti-

mum in the mesophilic range between 25 and 50°C and many are cold-active, which means 

they are most active at temperatures around 30°C or lower. As examples, the metagenomic 

lipase LipCE has a temperature optimum at 30°C (Elend et al. 2007) and the metagenomic es-

terase CHA3 is active between 7 and 50°C (Heath et al. 2009). This shows again that many en-

zymes have habitat related properties and thermophilic enrichment cultures help to select 

enzymes with the desired characteristics. The carboxylesterase EstE1 was isolated from the 

metagenomic library of a hot spring (Rhee et al. 2005). Its maximum activity lied at 95°C, but it 

was only active on short-chained substrates and had a thermostability which is comparable to 

LipS and LipT. The lipase LipIAF5.2 from enriched biomass of a fed-batch reactor with tempera-

tures between 50 and 70°C was very stable against thermal pressure as it retained 100% activi-

ty after 4h at 90°C (Meilleur et al. 2009). Still, its optimal temperature was more than 10°C 

lower than the optimum of LipS and LipT. Therefore, to current knowledge, LipS and LipT are 

the first metagenome-derived lipases revealing temperature optima at 70 and 75°C and also 

possessing high stabilities. 

Table 23. Metagenome-derived esterases and lipases with temperature optima of at least 50°C. 

Esterase/ 

lipase 

Metagenomic library 

constructed with DNA 

from 

Topt 

(°C) 

Thermal stability Spec. activity 

U/mg (pNP 

substrate) 

Reference 

LipS soil and water sam-
ples enrichment 65°C 

70 50% activity after 48 h at 
70°C and 4 h at 90°C. 

12.03 (C8)    
6.04 (C10) 

This study 

LipT  enrichment of heating 
water samples 75°C 

75 50% activity after 2 h at 
70°C and 50 min at 90°C. 

0.6 (C10)          
0.4 (C12) 

This study 

EstA3 biofilm growing within 
drinking water net-
work 

50 Inactivation when incu-
bated for > 60 min at 
45°C. 

513.6 (C4) Elend et 
al. 2006 

EstMa hot spring soil, Indo-
nesia 

50 n. d. 4.45 (C5) Kim et al. 
2006 
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Esterase/ 

lipase 

Metagenomic library 

constructed with DNA 

from 

Topt 

(°C) 

Thermal stability Spec. activity 

U/mg (pNP 

substrate) 

Reference 

Est2k fermented compost 50 68% activity after 15 min 

at 40°C. 

17.1 (C4) Kim et al. 

2010 

JkP01 hot spring soil, Hima-

chal Pradesh, India 

50 80% activity after 75 min 

at 50°C; 50% after 5 min 

at 60°C. 

2022.00 (C12) Sharma et 

al. 2012 

LipAAc Brazilian Atlantic 

forest soil 

50-60 100% activity after 1 h at 

50°C; 53% after 1 h at 

60°C; 33% after 1 h at 

70°C. 

9.0 (C10) Faoro et 

al. 2011 

LipIAF5.2 biomass of a fed-

batch reactor 

60 100% activity after 4h at 

90°C. 

160.0 (C14) Meilleur 

et al. 

2009 

LipIAF1-6 biomass enrichment 

in a fed-batch biore-

actor 

60 100% activity after 30 min 

at 70°C; 30% after 30 min 

at 80°C. 

4287.00 (C4) Cote and 

Shareck 

2010 

EstE1 hot springs and mud 

holes in solfataric 

fields, Indonesia 

95 80% activity after 120 min 

at 85°C, 50% after 2 h at 

90°C and after 2 min at 

95°C.  

n. d. (C6) Rhee et 

al. 2005 

 

Obviously, large differences exist concerning the specific activity of the lipolytic enzymes. They 

vary between only few units per milligram (U/mg) and over 4,200 U/mg. Presumably not all 

values are comparable due to differences in measurement and calculation. 

 There are some lipases derived from cultivable thermophilic bacteria that have high tempera-

ture optima up to 96°C (Table 24). Interestingly, the optimal growth temperature of these or-

ganisms was sometimes up to 20°C lower (Est53) or higher (LipA, LipB) than their enzyme´s 

temperature optimum (Kakugawa et al. 2007; Salameh and Wiegel 2007). The activities of LipS 

and LipT were comparable to those enzymes and the stability was sometimes even better. 

While Est53 and LipTth could be overexpressed in E. coli, LipA and LipB had to be purified from 

the culture supernatant (Kakugawa et al. 2007; Salameh and Wiegel 2007; Royter et al. 2009). 

In order to use the purified enzymes in biotechnology, high amounts of the enzymes are re-

quested that can most often only be achieved by heterologous overexpression. 
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Table 24. Enzymatic properties of LipS and LipT in comparison with esterases and lipases derived from 

thermophilic organisms. Only enzymes with temperature optima above 60°C and activity on pNP sub-

ǎǘǊŀǘŜǎ ǿƛǘƘ җу ŎŀǊōƻƴ ŀǘƻƳǎ ŀǎ ǊŜǎƛŘǳŜ were considered. 

Enzyme and organ-

ism (optimal growth 

temperature) 

Topt (°C) Thermal stability Spec. activity 

U/mg (pNP 

substrate) 

Reference 

Est53, Thermotoga 

maritima (80°C) 

60 >90% activity after 90 min at 60°C, 

70% after 90 min at 70°C and 50% 

after 30 min at 80°C. 

13.0 (C12) Kakugawa 

et al. 2007 

LipA, Thermosyn-

tropha lipolytica    

(60 - 66°C) 

96 50% activity after incubation at 

100°C for 6 h and at 74.1°C for 24 h 

with 0.5 to 2 M ammonium sulfate 

added. 

12.4 (C12) Salameh 

and Wiegel 

2007 

LipB, Thermosyn-

tropha lipolytica   

(60 - 66°C) 

96 50% activity after incubation at 

100°C for 2 h and at 76.5°C for 24 h 

with 0.5 to 2 M ammonium sulfate 

added. 

13.3 (C12) Salameh 

and Wiegel 

2007 

LipTth, Thermo-

anaerobacter ther-

mohydrosulfuricus 

(70°) 

75 80-90% activity after 24 h at 70 and 

75°C, 20% after 24 h at 80°C, 50% 

after 2 h at 85°C and 50 min at 

90°C. 

12.15 (C16) Royter et 

al. 2009 

 

In contrast to many other classes of enzymes, most lipases and carboxylesterases have the 

advantage that they do not require cofactors for their catalytic activity. Of the eight different 

metal ions tested, none had a significantly stimulating effect on the activity of LipS and LipT 

and some even lowered the enzyme activity (3.6.5.4). But surprisingly, Est5E5 showed a more 

than 3.5 times better activity when 10 mM Cu2+ was added to the hydrolysis reaction on pNP 

substrate (Figure 20). The activity was also significantly higher in the presence of Ca2+, Fe3+, 

Mg2+, Mn2+ and Zn2+. Until now, many oxidases and reductases are known as copper proteins, 

but for esterases, this strongly stimulating effect is unusual. Still, for Candida rugosa lipase, an 

enhanced activity and enantioselectivity under influence of a weakly acidic pH and Cu2+ ions 

could also be observed (Xu et al. 2006). In case of this lipase, this led to the assumption that 

the pH variation and Cu2+ addition effected a change in conformation and/or flexibility of the 

lipase structure which led to the activity enhancement. Structural analysis is necessary in order 

to find out how Cu2+ ions are able to enhance the hydrolysis reaction of Est5E5. 

The optimal pH of the enzymes lied in an alkaline pH range. While LipS and LipT were most 

active at pH 8.0, Est5E5 had a pH optimum of 8.6 (3.6.5.3). Most bacterial lipolytic enzymes 

have their optimum in a neutral to alkaline pH range (Gupta et al. 2004). The pH optima for 



Discussion 105 

esterification reactions can differ from the optimal pH for hydrolysis reactions (Buthe et al. 

2005), but this was not further investigated in this study. 

Like many other esterases and lipases, Est5E5, LipS and LipT showed relatively high stability 

against different inhibitors, solvents and detergents that were tested in different concentra-

tions (3.6.5.5; 3.6.5.6). Concerning solvents, some general structural factors are considered as 

important for enzyme stability: monomeric proteins with molecular weights ranging from 20 

kDa to 80 kDa, hydrophobic surfaces and the presence of disulphide bonds (Gupta and Khare 

2009). For some proteases, these features have been shown to be crucial, but for many ester-

ases and lipases, these structural reasons for solvent stability were not deeply investigated 

(Bornscheuer et al. 2002; Gupta and Khare 2009). For many enzymes, a correlation between 

enzyme thermostability and resistance to denaturation in organic solvent has been observed 

(Owusu and Cowan 1989; Burton et al. 2002). However, this stability is especially useful for 

industrial applications, because esterification reactions are taking place in non-aqueous media, 

i. e. organic solvents, or in ionic liquids (Reetz 2002). Furthermore, the enzymes can retain 

stability even when they are added to household cleaning products. 

The enzymes Est5E5, LipT and LipS were tested on pNP esters that contained sterically more 

complex residues than the pNP substrates tested before (3.6.5.8). As pharmaceutically and 

chemically relevant substrates 2-phenylpropanoate (rac), 3-phenylbutanoate (rac), cyclohexa-

noate, 2-(3-benzoylphenyl) propanoate (=ketoprofen), 2-naphthoate, 1-naphthoate, adaman-

tanoate and 2-(4-isobutylphenyl)-N-(4-nitrophenol) propanamide (=ibuprofenmide) were ap-

plied. While Est5E5 and LipS were active on most of these substrates, LipT only showed low 

activity. The naphtol and adamantane residues are especially complex substrates (Table 10) 

and not all lipolytic enzymes are active on them (Elend et al. 2006), but still Est5E5 was able to 

act on 1-naphtoate and adamantanoate while LipS was hydrolyzing 2-naphtoate (Table 19). All 

of the three enzymes were able to cleave the amide bond of ibuprofen amide and therefore 

showed promiscuous amidase activity.  

The stereoselectivity of the enzymes was tested on the ester substrates (S)-/(R)-2-

methyldecanoic acid ester, (S)-/rac-/(R)-2,3-dihydro-1H-indene-1-carboxylate 

(=indancarboxylic acid ester), (S)-/rac-ibuprofen ester and (S)-/rac-/(R)-naproxen ester in com-

parison with the commercially available fungal lipases from Candida antarctica (CalB) and Rhi-

zopus oryzae (ROL; Table 11). The ester substrates contained pNP or methylumbelliferyl as 

chromogenic or fluorescent residues in order to investigate if there are differences concerning 

the reaction and to verify the respective results. The detection method for the fluorescence 

signal of the MU residue was more sensitive. As Table 22 shows (3.6.5.8), Est5E5, LipS and ROL 
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preferred the (R)-enantiomers of each substrate, while LipT mostly preferred the (R)-

enantiomers except for naproxen, where it showed (S)-selectivity on both MU and pNP ester. 

CalB generally preferred the (S)-enantiomers of the substrates, but it showed (R)-selectivity for 

the MU ester of naproxen and (S)-selectivity for its pNP ester. The MU residue is bigger than 

pNP and obviously the (R)-enantiomer of naproxen MU ester fits better into the catalytic site 

of CalB.  

LipS most often had the highest estimated E values up to E=10.3 for the (R)-enantiomer of pNP 

indancarboxylic acid ester, especially in comparison with LipT and CalB that generally reacted 

with lower selectivity. Interestingly, the selectivity seemed to be lower when the substrate 

contained the bigger MU molecule as residue. This could be due to the relatively narrow sub-

strate pocket of LipS (3.7). The exceptionally high selectivity of LipS for the (R)-enantiomer of 

ibuprofen was measured separately by HPLC, where an enantiomeric excess (ee) of more than 

99% and an enantioselectivity of E=200 could be determined for the phenyl ester (3.6.5.9). This 

feature is especially valuable for LipS´ applicability in the production of optically pure building 

blocks. Not many wild-type lipases are able to act with such a high enantioselectivity and often 

the enzymes have to be engineered to do so. With random mutagenesis by means of error-

prone PCR, values like E=25.8 could be reached for Pseudomonas aeruginosa lipase acting on 

2-methyldecanoic acid pNP ester. Five amino acid substitutions within the variant caused this 

higher enantioselectivity in contrast to the wild-type enzyme that only had E=1.1 (Liebeton et 

al. 2000). By directed evolution, the enantioselectivity of Candida antarctica lipase A was shift-

ŜŘ ŦǊƻƳ 9Ґнҍнл ŦƻǊ ǘƘŜ ǿƛƭŘ ǘȅǇŜ ǘƻ ŀ ƳǳŎƘ ōŜǘǘŜǊ ŜƴŀƴǘƛƻǎŜƭŜŎǘƛǾƛǘȅ ƻŦ 9Ґпрҍнтс ŦƻǊ ǘƘŜ ǾŀǊi-

ant acting on h-substituted pNP esters (Engstrom et al. 2010). 

It is important to mention, that non-steroidal anti-inflammatory drugs (NSAIDs) like naproxen, 

ketoprofen and ibuprofen are physiologically much more active as (S)-enantiomers. Even so, 

the high (R)-selectivity of LipS could be used, in order to esterify racemic NSAIDs for example 

with 1-propanol. This ester can then be separated from the optically pure (S)-enantiomer 

(Carvalho et al. 2006). 

The three enzymes Est5E5, LipT and LipS were tested for their activity on tri- and polyglycer-

ides using the pH-stat method (3.6.5.10). Est5E5 and LipT, however, were not active on tribu-

tyrin (TBT), triolein and polyglycerol-3-laurate although at least on TBT activity could be ob-

served for Est5E5 on agar plates. Probably the enzymes were not activated at the lipid-water 

interface like LipS, but the measurements should be repeated when higher yields of the en-

zymes are available.  

Usually, esterases and lipases are able to catalyze both the hydrolysis and the esterification 
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reaction. Still, the esterification takes place at different conditions, as only a low amount of 

water should be present in order to favor this way of reaction. With lyophilized LipS, 1-propyl 

laurate and 1-tetradecyl myristate were synthesized in an experimental scale (3.6.5.11). By 

adjusting the reacting conditions and by applying the lipase immobilized on carrier-beads, the 

turnover rates could be improved. Immobilized enzymes are more stable and can be used re-

peatedly. Besides, they can easily be separated from the reaction and the product 

(Bornscheuer 2003). As LipS was able to catalyze the solvent-free synthesis reaction with long-

chained lauric acid (C12) and myristic acid (C14), it seems to be a suitable lipase for the produc-

tion of emollient esters that are desired ingredients for skin-care products. Still, further re-

search has to be done concerning the synthesis of highly viscous cosmetic compounds like 

polyglycerol-3-laurate and myristyl-myristate (Muller et al. 2010) and the activity and reusabil-

ity of LipS has to be further compared with the most often used mesophilic enzyme CalB which 

is also called Novozym434 (Novozymes, Bagsvaerd, Denmark). 

Optically pure secondary alcohols are used as intermediates and building blocks for the pro-

duction of pharmaceuticals. Regarding the kinetic resolution of secondary alcohols that was 

measured by gas chromatography (2.8.6), LipS showed rather low (R)-selectivity for 1-phenyl-

1-propylacetate and 1-phenyl-1-ethylacetate (E=3-4). In contrast, it was highly (R)-selective for 

1-phenyl-2-butylacetate and 1-phenyl-2-pentylacetate with an ee of more than 96% and ap-

prox. 50% conversion (3.6.5.12). Obviously, the selectivity of LipS was higher when the chiral 

center was one CH2-group farther away from the aromatic ring (Chow et al. 2012). 

4.6 /Ǌȅǎǘŀƭ ǎǘǊǳŎǘǳǊŜ ƻŦ [ƛǇ{ 

Two different variants of LipS, the wild-type (LipS-WT derived from lipS::pETM11+26) and LipS-

His6 (derived from lipS::pET-21a; 2.2), crystallized in two different space groups (SG; Fersini et 

al. 2012; Chow et al. 2012). LipS-WT crystallized with a higher resolution in SG P4 (3.7) and a 

high electron density around the catalytic Ser126 and H257 could be observed. This density 

was supposedly caused by spermidine which was added to this variant for improvement of the 

crystallization process and which probably fits into the catalytic pocket by coincidence as its 

structure mimics an acyl chain. The inhibiting effect of spermidine on LipS was subsequently 

shown in an enzyme assay (3.7).  

The crystal structures of both variants did not provide information about the flexibility of the 

lid-domain as it was closed in both cases. Perhaps the lid was closed, because there was no 

interface that would have caused activation. Attempts to crystallize the enzyme together with 

a pNP substrate unfortunately failed. Another reason could be that the crystallization process 
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was carried out at room temperature and the lipase was thus not activated (Fersini et al. 

2012). A comparison between the enzyme structure of LipS at room temperature and at 70°C 

would be interesting to get information about the flexibility and/or rigidity of the lipase. 

An inserted domain constitutes the lid structure of LipS and is composed of two short anti-

parallel ̡ -strands (̡ 6 and ̡ 7) and one h -helix (h D1 )́. A structural alignment (Chow et al. 2012) 

revealed a high similarity between the unusual lid-structure of LipS and the inserted domains 

of the lipolytic enzymes Est1E from Butyrivibrio proteoclasticus (PDB code 2WTM; Goldstone et 

al. 2010), the human monoglyceride lipase (MGL; 3PE6; Schalk-Hihi et al. 2011), EstD from 

Lactobacillus rhamnosus (3DKR; Bennett et al. to be published), the esterase LJ0536 from Lac-

tobacillus johnsonii (3PF8; Lai et al. 2011) and Est30 from Geobacillus stearothermophilus 

(1TQH; Liu et al. 2004). The findings are illustrated in Figure 31. 

 

 

Figure 31. Cartoon representation of inserted domains of lipolytic enzymes. Superimposition of the 

inserted domain of LipS (red) with A) Est1E (2WTM, orange) and LJ0536 (3PF8, turquoise), B) human 

MGL (3PE6, purple) and C) EstD (3DKR, blue) and Est30 (1TQH, green). The core structure of LipS is 

shown in gray and the catalytic Ser126 in yellow. Core structures of LipS homologues are not shown.  

 

Still, according to an EMBOSS Needle sequence alignment (http://www.ebi.ac.uk/Tools/psa/ 

emboss_needle/) between LipS, Est1E and LJ0536, the identities were rather low. LipS and 

EstE1 had 38.7% nucleotide sequence identity and 17.2% amino acid sequence identity. The 

identities for LipS and LJ0536 were only slightly higher with 44.1% on nucleotide level and 

19.4% on amino acid level. 

As Est1E from the rumen bacterium Butyrivibrio proteoclasticus and LJ0536 from the gastroin-

testinal Lactobacillus johnsonii were structurally most similar to LipS, their activities should be 

compared to each other. The feruloyl esterase Est1E and the cinnamoyl esterase LJ0536 were 

mostly characterized on cinnamic acid esters and other compounds that were supposed to be 
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similar to their native substrates (Lai et al. 2009; Goldstone et al. 2010). Est1E was somehow 

active on pNP dodecanoate and pNP palmitate but the activity was not further quantified and 

the assay was performed at 37°C (Goldstone et al. 2010). The temperature optimum of LJ0536 

only lied at 20°C (Lai et al. 2009). Accordingly, the enzymes´ structural similarities do not nec-

essarily mean similar activities. 

4.7 tƘȅǎƛƻƭƻƎƛŎŀƭ ŦǳƴŎǘƛƻƴǎ ƻŦ 9ǎǘр9рΣ [ƛǇ{ ŀƴŘ [ƛǇ¢ 

Like in many other studies that focused on regarding the applicability of the enzymes in bio-

technology, the three metagenomic enzymes were not further studied concerning the role 

they play for their native organism. The lipolytic enzymes characterized in this work were all 

derived from heterotrophic bacteria. LipS was most likely derived from Symbiobacterium 

thermophilum, a thermophilic bacterium that was first isolated from compost (Suzuki et al. 

1988). Through the degradation of plant material, the temperature within a compost stack can 

reach over 63°C (Harper et al. 1992), and therefore Symbiobacterium thermophilum is adapted 

to this temperature. One can only speculate, that LipS could fulfill similar tasks like Est1E and 

LJ0536 (Lai et al. 2009; Goldstone et al. 2010) and that it could provide the host with carbon 

sources as it is able to cleave phenolic acids like ferulic, caffeic and p-coumaric acids that are 

esterified to the plant cell wall or occur esterified with aromatic organic acids within the plant 

cell. In further studies, LipS should be tested for its activity on these kinds of substrates. 

The esterase Est5E5 had 84% identity to a hypothetical protein of Acidovorax radicis N35, a 

Gram-negative wheat-root colonizing bacterium (Li et al. 2011). Other members of this genus 

were isolated from activated sludge (Heylen et al. 2008). It could either be possible that Est5E5 

provides access through the wax layer on the plant cells during infection or that it degrades 

carboxylic esters that are present in the surrounding area. 

As LipT supposedly originated from a Thermus species, its function could also lie in providing 

the host bacterium with carbon sources that occur in the thermal environment. Nonetheless, 

an interesting issue would be to find out if LipT indeed exists in a glycosylated form and if this 

form is able to interact with the outer membrane of Thermus sp. and perhaps also of E. coli. 

4.8 /ƻƴŎƭǳŘƛƴƎ ǊŜƳŀǊƪǎ ŀƴŘ ǇŜǊǎǇŜŎǘƛǾŜǎ 

In this study, over 100 lipolytic clones were found by function-based screening of different 

metagenomic libraries. Although it was not possible to examine every single clone, two inter-

esting novel lipases and one carboxylesterase were characterized in detail. Among other useful 
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characteristics, the enzymes showed the desired thermostability and activity on long-chained 

ester substrates. Additionally, the lipase LipS acted with very high enantioselectivity and its 

crystal structure provides insights on a structural level. 

Still, some favorable properties of the enzymes could be further improved as novel methods 

for rational and evolutive protein design have been developed within the past decade. With a 

rational approach, the catalytic pocket of LipS could be altered so that the enzyme is able to 

act on other substrates, e. g. (S)-enantiomers or esters with longer acyl-chain lengths. Probably 

for LipT and Est5E5 a better substrate specificity or respectively a higher temperature stability 

could be achieved with site-directed mutagenesis, error prone PCR or saturation mutagenesis. 

Furthermore, immobilization could be carried out with LipS for testing its activity in other syn-

thesis reactions and perhaps for applying it later on in a reactor-scale.  

The other metagenomic lipases and esterases remaining should be characterized and other 

ways should be found to improve the expression rates of recombinant enzymes in E. coli as 

well as in the psychrophilic bacterium P. antarctica which disclosed very suitable and useful 

characteristics as a heterologous host in this study. Therefore, recombinant expression can 

further be enhanced by improving the expression systems and its growth conditions for reach-

ing high cell densities. 
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5 !ōǎǘǊŀŎǘ 

Carboxylesterases (EC 3.1.1.1) and triacylglycerol lipases (EC 3.1.1.3) are lipolytic enzymes act-

ing on ester bonds and catalyze both hydrolysis and synthesis reactions on a broad spectrum 

of substrates. Industrial production processes sometimes demand high working temperatures 

and thus customized biocatalysts showing high thermostability. Still, most lipases used today 

originate from mesophilic organisms and are susceptible to heat denaturation. Within this 

thesis, the identification and detailed characterization of two novel thermostable lipases and 

one carboxylesterase are described.  

Two different long-term enrichment cultures that were either inoculated with heating water 

from the Biocenter Klein Flottbek (Hamburg, Germany) or soil and water samples from the 

nearby Botanical Garden were maintained at 75 and 65°C for 3 weeks. Microbial communities 

were characterized on a phylogenetic level and prevalently contained organisms related to 

Thermus scotoductus (up to 100% of the culture) and Symbiobacterium thermophilum (approx. 

80% of the culture). From the genomic DNA, metagenomic libraries were constructed using E. 

coli Epi100 as host bacterium. Functional screening of these libraries using tributyrin and pNP-

substrates (C4 and C12) between 50 and 70°C resulted in the identification of 10 lipolytic clones. 

Two of them that showed higher activity in previous tests have been studied in detail and the 

respective lipases were designated LipS and LipT. From six other metagenomes constructed 

within the working group, altogether over 100 clones with lipolytic activity were screened. The 

esterase Est5E5 was found by tributyrin-screening together with six other lipolytic clones with-

in the metagenomic library of a biofilm growing on the valve of a fresh water pipeline, but only 

Est5E5 was further characterized.  

LipS was identical in its amino acid sequence to an annotated esterase from Symbiobacterium 

thermophilum IAM14863 and LipT had 96% identity to a putative esterase from Thermus sco-

toductus SA-01, whereas Est5E5 showed 84% identity to a conserved hypothetical protein from 

Acidovorax radicis N35. None of these three enzymes could be grouped into any of the eight 

described lipase and esterase families with current alignment methods. Thus, they may 

constitute members of new families. After overexpression in E. coli BL21 (DE3) and subsequent 

His6-tag purification, the recombinant LipS (32 kDa) revealed very high thermostability with 

50% residual activity after 48 h incubation at 70°C while LipT (38 kDa) possessed 50% residual 

activity after 3 h at this temperature. Est5E5 (50 kDa) was less heat-stable and retained 50% 

activity after 40 min at 50°C. 
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With temperature optima at 70°C (LipS), 75°C (LipT) and 50°C (Est5E5), all three enzymes had 

thermophilic properties. Besides, they were stable against most solvents, detergents and in-

hibitors tested and were most active between pH 8.0 and 8.6. 

LipS and Est5E5 showed the highest specific activity for pNP octanoate (C8, 12.0 and 7.7 U/mg, 

respectively) and LipT for pNP decanoate (C10, 0.6 U/mg). In contrast to Est5E5, LipS and LipT 

also showed activity on pNP palmitate (C16) and stearate (C18). Furthermore, the three enzymes 

acted on pharmaceutically relevant chiral substrates like naproxen and ibuprofen esters. LipS 

was highly (R)-specific for ibuprofen phenyl ester with an enantiomeric excess (ee) of over 99% 

as well as for acetates of secondary alcohols (1-phenyl-2-butylacetate and 1-phenyl-2-

pentylacetate) with an ee of more than 96%. Interestingly, LipS was able to synthesize the es-

ters 1-propyl laurate and 1-tetradecyl myristate at 70°C under non-aqueous conditions in 

comparable rates to the commercial Candida antarctica lipase B. The structure of LipS was 

solved by X-ray crystallographic analyses with a resolution of 1.99 Å and the crystal revealed an 

unusual and compact lid-structure in a closed conformation. 

Furthermore, Pseudomonas antarctica Shivaji CMS35 was used to improve the low-

temperature expression of the above mentioned lipase LipT. For this purpose, the genome was 

sequenced and analyzed. The psychrophilic bacterium exhibited characteristics suitable for 

serving as heterologous host (e. g. sensitivity against common antibiotics, secretion systems 

type I-III, Vb, VI, Sec and Tat) and showed promising results in comparison with IPTG-induced 

E. coli BL21 (DE3) concerning enzyme yield (E. coli: 3.01 mg/g of cell pellet, P. antarctica: 1.15 

mg/g) and activity of LipT (E. coli: 0.12 U/mg, P. antarctica: 0.39 U/mg). 
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5.1 ½ǳǎŀƳƳŜƴŦŀǎǎǳƴƎ 

Carboxylesterasen (EC 3.1.1.1) und Triacylglycerol-Lipasen (EC 3.1.1.3) sind lipolytische Enzy-

me, die sowohl Hydrolyse- als auch Synthese-Reaktionen an Esterbindungen von einer Vielzahl 

an Substraten katalysieren können. Industrielle Produktionsprozesse benötigen oft hohe Reak-

tionstemperaturen und daher passende Biokatalysatoren mit hoher Thermostabilität. Dennoch 

stammen die meisten der heute genutzten Lipasen aus mesophilen Organismen und sind anfäl-

lig für Hitzedenaturierung. In dieser Arbeit wurden zwei neuartige thermostabile Lipasen sowie 

eine Esterase identifiziert und im Detail charakterisiert. 

Zwei verschiedene Anreicherungskulturen wurden zum einen mit einer Heizungswasserprobe 

aus dem Biozentrum Klein Flottbek (Hamburg, Deutschland) und zum anderen mit Boden- und 

Wasserproben aus dem benachbarten Botanischen Garten inokuliert und bei 75 bzw. 65°C für 

drei Wochen inkubiert. Die mikrobiellen Gemeinschaften wurden phylogenetisch charakteri-

siert und enthielten vornehmlich Organismen in enger Verwandtschaft zu Thermus scotoduc-

tus (bis zu 100% der Kultur) und Symbiobacterium thermophilum (ca. 80% der Kultur). Mit der 

genomischen DNA wurden anschließend Metagenom-Bibliotheken in E. coli Epi100 als Wirts-

bakterium konstruiert. Durch deren funktionsbasierte Durchmusterung auf Tributyrin und mit 

pNP-Substraten (C4 und C12) bei 50 bis 70°C konnten zehn lipolytische Klone identifiziert wer-

den. Zwei dieser Klone, die in vorangegangenen Tests höhere Aktivität zeigten, wurden weiter 

untersucht und die jeweiligen Lipasen als LipS und LipT bezeichnet. In sechs anderen Metage-

nomen, die innerhalb der Arbeitsgruppe konstruiert worden waren, wurden insgesamt über 

100 Klone mit lipolytischer Aktivität gefunden. Die Esterase Est5E5 wurde zusammen mit sechs 

anderen lipolytisch-aktiven Klonen bei der Durchmusterung auf Tributyrin in der Metagenom-

Bibliothek eines Biofilms gefunden, der sich auf dem Absperrschieber einer Trinkwasserleitung 

befand, es wurde jedoch nur Est5E5 genauer charakterisiert.  

LipS war auf Aminosäure-Ebene identisch mit einer annotierten Esterase von Symbiobacterium 

thermophilum IAM14863 und LipT besaß 96% Identität zu einer putativen Esterase von Ther-

mus scotoductus SA-01, wohingegen Est5E5 zu 84% identisch mit einem konservierten hypo-

thetischen Protein von Acidovorax radicis N35 war. Keines dieser drei Enzyme konnte mit gän-

gigen Abgleichungsmethoden einer der acht beschriebenen Lipase- und Esterase-Familien zu-

geordnet werden. Sie könnten daher Mitglieder neuer Familien darstellen. Nach Überexpressi-

on in E. coli BL21 (DE3) und anschließender His6-tag Aufreinigung zeigte das rekombinante LipS 

(32 kDa) sehr hohe Thermostabilität mit 50% Restaktivität nach 48 Std. Inkubation bei 70°C, 
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während LipT (38 kDa) bei dieser Temperatur nach 3 Std. 50% Restaktivität beibehielt. Est5E5 

(50 kDa) war weniger hitzestabil und besaß nach 40 Min. bei 50°C 50% Restaktivität. 

Mit Temperaturoptima von 70°C (LipS), 75°C (LipT) und 50°C (Est5E5) zeigten alle drei Enzyme 

thermophile Eigenschaften. Zusätzlich waren sie gegen die meisten der getesteten Lösungsmit-

tel, Detergentien und Inhibitoren stabil und waren im Bereich von pH 8.0 bis 8.6 am aktivsten. 

LipS und Est5E5 zeigten die höchste spezifische Aktivität für pNP-Octanoat (C8; 12,0 bzw. 7,7 

U/mg) und LipT für pNP-Decanoat (C10; 0,6 U/mg). Im Gegensatz zu Est5E5 konnten LipS und 

LipT auch pNP-Palmitat (C16) und -Stearat (C18) umsetzen. Die drei Enzyme waren auch auf 

pharmazeutisch relevanten chiralen Substraten wie Naproxen und Ibuprofen aktiv. LipS besaß 

hohe (R)-Spezifität auf Ibuprofen-Phenylester mit einem Enantiomerenüberschuss (ee) von 

über 99% und auf Acetaten sekundärer Alkohole (1-Pheny-2-butylacetat und 1-Phenyl-2-

pentylacetat) mit einem ee von über 96%. Interessanterweise war LipS in der Lage, die Ester 1-

Propyllaurat und 1-Tetradecylmyristat bei 70°C unter nichtwässrigen Bedingungen in ver-

gleichbaren Raten wie die kommerzielle Candida antarctica Lipase B zu synthetisieren. Die 

Struktur von LipS wurde mit Röntgenkristall-Strukturanalysen zu einer Auflösung von 1,99 Å 

aufgeklärt und offenbarte eine ungewöhnliche und kompakte Lid-Struktur, die sich in einer 

geschlossenen Konformation befand.  

Weiterhin wurde Pseudomonas antarctica Shivaji CMS35 verwendet, um die Expression der 

bereits erwähnten Lipase LipT bei niedriger Temperatur zu verbessern. Für diesen Zweck wur-

de das Genom sequenziert und analysiert. Das psychrophile Bakterium wies passende Charak-

teristika auf, um als heterologer Wirt zu dienen (u. a. Sensitivität gegenüber häufig genutzten 

Antibiotika, Sekretionssysteme Typ I-III, Vb, VI, Sec und Tat) und brachte vielversprechende 

Ergebnisse im Vergleich zu IPTG-induziertem E. coli BL21 (DE3) bezüglich Enzymausbeute (E. 

coli: 3,01 mg/g Zellpellet; P. antarctica: 1,15 mg/g) und Aktivität von LipT (E. coli: 0,12 U/mg; P. 

antarctica: 0,39 U/mg). 
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7 !ǇǇŜƴŘƛȄ 

7.1 {ŜǉǳŜƴŎŜǎ ƻŦ ŜǎǘŜǊŀǎŜκƭƛǇŀǎŜ-ŎƻŘƛƴƎ hwCǎ ŀƴŘ ǘƘŜƛǊ ǊŜǎǇŜŎǘƛǾŜ 

ǇǊƛƳŜǊ ǎŜǉǳŜƴŎŜǎ 

7.1.1 pCos5E5 from a metagenomic library constructed with DNA from a biofilm 

growing on a valve of a water pipeline 

>est1 (=est5E5) 

ATGGTCGCTAGGGCGCAGGTGCGCGCAGATGCTGCGTTACATCCGCCGACATAGCCCACATGAGAGAGGATTGC 
GACCATGAAGTACTTTCGCCTGACCTGTATCGCCGCCGTAGCGGCACTGCTCGCCGCTTGCGGAGGCTCCGACGA 
CGCCGGACGCGGCGACCTGGTGGAGCTCCCCGTCACCCTGACCACTTTGACGGCCGACCAGATCGATGCGGGCA 
CCACGTCCAGCGGCCTCAGGGCCCTTGCCGGCAAGGCACGGTGCGACGTGAAGGTCGTGGCGCTCAACTACTCA 
CGGCAGGCGCCAAGGCCGGCGAACTCACCAACGCCTCGGGCGTGATGCTGGTGCCCGCAGGCAGCTGCAACGGC 
GAGAAGGCTGCCCTGCTGGCCTATGCCAAGGGCACCGATGTGCAGAAGCCCCGCACCCTGGCCAACCCGCAGGA 
CAGCGAGACCTTCCTGCTGGCCGCCATGTACGCCTCGCAGGGCTATGCCGTGGTCGCCACCGACTACCTCGGGTTT 
GCCAAGTCGGGCTACAGCTACCACCCCTACCTGCACGCCGATTCGGAAGCCACCTCGGTGATCGATTCGGTGCGC 
GCCGCACGCAAGGTCGCCGGCTCGGTAGGAGCCAACCTGTCGGGCAGGATCCTGTTCACCGGCTACTCGCAGGG 
CGGACATGCCTCGATGGCCGCGCACCGTGCCGCCGAGCGCGACTACGGCAACGAATTTGACGTGGCGGCCGGC 
GCCCACCTGGCAGGGCCCTACAACCTTTCGGGCTCGCTGCGCATTCCGGACGCGATCGCGGGCGTGCAGTTCTTC 
GTGCCCTACCTCGTGACGGCCTGGCAGAAGGTCTACGGCAACATCTATTCCGATGTGAAGCAGGCCTTCAAGGCA 
CCGTACTCCAACTATATCGAGACGCTGCTGCCCAACCCGACGATGAACTACACCACGCTGGTGACCTCGGGCACG 
CTGCCGGGCGGCACGCCCAACCAGGCACGCGATGCGCTGTTCCAGCCGGCCTTCCTCGCCAGCAGCCAGACGAA 
CGTGAACGACCCGCTCTACCTGGCCGCCCAGAAGAACGACCTCCTGGGCTGGACGCCCAAGTCGCGCGTGCTGCT 
GTGCGGTGGCTCGGGCGACCCCACGGTGCCGCCTGCCGTGCACCAGCGCGTGATGGCCGCCGATTTCGCGGCCC 
GCGGCGTGACCAACGTGATCTCGGTGGATGTGGACGGGCCCATCCAGGCCACCTTCGGCCCCGGCGGCGCAGCG 
CCCACCGACCCGACTTCTGCAGCCTTTGCCACCTACTACGGCGCCTACCATGGCACCTATGAGCCACCGTTCTGCC 
ATGCCCAGGCACGCGCCGCCTTCGACATCATCGTGAAGTAA 

Primer est1 for/rev see Table 5 

>est2 

ATGGCAGAACGGTGGCTCATAGGTGCCATGGTAGGCGCCGTAGTAGGTGGCAAAGGCTGCAGAAGTCGGGT CG 
GTGGGCGCTGCGCCGCCGGGGCCGAAGGTGGCCTGGATGGGCCCGTCCACATCCACCGAGATCACGTTGGTC AC 
GCCGCGGGCCGCGAAATCGGCGGCCATCACGCGCTGGTGCACGGCAGGCGGCACCGTGGGGTCGCCCGAGCCA 
CCGCACAGCAGCACGCGCGACTTGGGCGTCCAGCCCAGGAGGTCGTTCTTCTGGGCGGCCAGGTAGAGCGGGTC 
GTTCACGTTCGTCTGGCTGCTGGCGAGGAAGGCCGGCTGGAACAGCGCATCGCGTGCCTGGTTGGGCGTGCCGC 
CCGGCAGCGTGCCCGAGGTCACCAGCGTGGTGTAGTTCATCGTCGGGTTGGGCAGCAGCGTCTCGATATAGTTG 
GAGTACGGTGCCTTGAAGGCCTGCTTCACATCGGAATAGATGTTGCCGTAGACCTTCTGCCAGGCCGTCACGAGG 
TAGGGCACGAAGAACTGCACGCCCGCGATCGCGTCCGGAATGCGCAGCGAGCCCGAAAGGTTGTAGGGCCCTGC 
CAGGTGGGCGCCGGCCGCCACGTCAAATTCGTTGCCGTAGTCGCGCTCGGCGGCACGGTGCGCGGCCATCGAGG 
CATGTCCGCCCTGCGAGTAGCCGGTGAACAGGATCCTGCCCGACAGGTTGGCTCCTACCGAGCCGGCGACCTTGC 
GTGCGGCGCGCACCGAATCGATCACCGAGGTGGCTTCCGAATCGGCGTGCAGGTAGGGGTGGTAGCTGTAGCCC 
GACTTGGCAAACCCGAGGTAGTCGGTGGCGACCACGGCATAGCCCTGCGAGGCGTACATGGCGGCCAGCAGGA 
AGGTCTCGCTGTCCTGCGGGTTGGCCAGGGTGCGGGGCTTCTGCACATCGGTGCCCTTGGCATAGGCCAGCAGG 
GCAGCCTTCTCGCCGTTGCAGCTGCCTGCGGGCACCAGCATCACGCCCGAGGCGTTGGTGAGTTCGCCGGCCTTG 
GCGCCTGCCGTGTAGTAGTTGAGCGCCACGACCTTCACGTCGCACCGTGCCTTGCCGGCAAGGGCCCTGAGGCC 
GCTGGACGTGGTGCCCGCATCGATCTGGTCGGCCGTCAAAGTGGTCAGGGTGACGGGGAGCTCCACCAGGTCGC 
CGCGTCCGGCGTCGTCGGAGCCTCCGCAAGCGGCGAGCAGTGCCGCTACGGCGGCGATACAGGTCAGGCGAAA 
GTACTTCATGGTCGCAATCCTCTCTCTATGTGGGCTATGTCGGCGGATGGTAACGCAGCATCGTGCGCGCACCTG 
CGCCCTAGCGACCATTAG 
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Primer est2 for CATATGGCAGAACGGTGGCTCATAG;  

Primer est2 rev AAGCTTATGGTCGCTAGGGCGCAGGTGC 

>est3 

ATGGTTGTTGCAAAAAAGCACGGTCGTGCTTTTTGTAATCTTCTTTCCTGGAGAACTCCCTTGAACACAAGACAAT 
GCAAGACCGCCCTTTCGGTGCTGGCAACGGCCTGCCTGCTCGCAGCATGCGGTGGTGGCGGCTCGGACACCGCC 
CCTGCGGCGCCCGTGGCCTCGGTGAAAGTGGCTGGCGACAGCCTGGCCGACAGCGGCACCTTCGGCTACAAATT 
CACCGTGCAGGGCACGGCCGCCACCGGCGCCGGATCAACGCCGATCTGGCCCGAGCGCGTGGCCACCAGCTATG 
GCCAGTCGCTGTGCGCACACTACGTCTTCAACGGCACGGCGTTTTCCGCCAATGCCGCCTGCTCGAACTATGCCGT 
GGGCGGCGGGCGGATCAACAACTTCACGGCGCCCACCTCGCCCGTGTCCATCACCCAGCAGCTCAAGGACCTGG 
GCAACGGCGGCTACACCGCCTCGGACCTGGTGCTGGTCGACGGGGGCGGCAACGATGCGGCGGACCTGGTAGG 
CGCCTACCTCCGGGCGGCTACCGACAATGGCCAGGCCTATGCAGCCGTGCTGGGCTCGGTGCTGCCTGCGGCCA 
CGGTCAACGCCGCCCTGGCGGGTGGTGCCGCAGGCCAGGCCCAGGTGGGTGGCGCCTACATGCAGGCGCTGGC 
ACAGCAGTTCGCGGCCACCATCAAGGCCAACACGGTCGCCAAGGGCGCTCCCCGCGTGGCCGTGCTGAATGCCC 
CCGGCATCACCCGCACTCCCCGCTTCCTGATGGTGCTGGCCTCGATCTCCGCCCAGCGCGGTGCCGAGGCCGCCA 
AGCAGGCCGAGGCCCTGTTCGACGGCTGGGTCCAGGCCTTCAACGCGCAACTGGCCACAGCCTGGCCGGTGACG 
AGCGCATCGTGGTGGTGGACTTCTACACATCTTTCAAGGACCAGTCGACCAACCCGGCCCAGTACCAGCTCACCA 
ACGCCACCACGCCAGCCTGCCCGGCCACGGGCGTGGGCAGCGATGGCCTGCCGACCTACAGCTTCCCCACCTGC 
ACGGCCGCAGCCCTCTCGGCCATGGCGCCACCTGCGGGTGCCCCCGGCGGTGCGGACTGGTGGAAGAGCTATGG 
CTTCTCCGACAGCTTCCACCCCACGCCCTATGGCCACCAACTGGTCGGGCAGTTGGTGTCGCGTTCGCTGTCCCGG 
GCGGGCTGGCTGTGA  

Primer est3 for CATATGGTTGTTGCAAAAAAGCACGGTCGTG  

Primer est3 rev AAGCTTCCAGCCCGCCCGGGACAGCGAAC 

7.1.2 Thermococcales consortium 

>est71G8_1 (1.5 kb) 

ATGGACGTTAAGAGGGCCCTTGCAATAATAGTTGCACTTCTCGCCCTCGCGGCGGTTTTATCGGCTCCAGTTAGG 

GCAGAGACCTCAGTGATACCGGGAGAGATAATACTGAGACCCCTCCCGGGTGTTCCGGCAATAGGTCTCCCCGG 

GGACACAATAGAGGTGCAGCCGGCAGAAGGAGTCACGATCCAGGAGTTGCAGATAGTATCGATACTCCACGGTC 

CGTACGACCTTAAGATACTGGGAACCGAAGACGGTGTCGTCAAGGCAAAGATACCCGAGGAGGCGGCTCCGGAC 

GTTTATTTCCTAATCGTGAAGAGCGACAAGGGAGAAGTGACAATTCCAAACGGCGTCTGGGTAATGAAAGAGGC 

ACCAAAGGTTCTCAAGATCGCCCATGGAAGCGATTTCCACGTGACGAGCGGCTCGAAGATGGGCTTCGTCTGTGG 

GGAGTACTTCCAGAAGAGCATCCCCGAGATACTCAAGTACTGCGACGACCCGATACCAATGCACAGCTACACCGC 

CACTGACAGCTTCATGACGTACTACGCGATGGTCGACAGCGGTGAGGTAAACCTGATGGTAAGCACCGGCGACG 

ACGTTGACACCAACGGTGACAAGAAGGGTTACCAGCTCTTCGATCTGGCAATCCTCCATGGAACCGCCGCCGGAA 

TGCCCTTCATAGGCATCAAGGGCAACCACGACCACCCGCCGACCTACTACTCGAAGTACGTTGGCCCCAGGTACTT 

CTACGAGGTCATCGGGAACTTCCTCATCATCGGTCTTGACAGCCGCGGTGAGGAGAGGCATCCCGAGATGGAGC 

AGCTCCAATGGATGGAGGATGTCCTTAAATCCCACCCGAACAAGACGGTCATAGTCCTGGTTCACCACCCCTTCT 

GGTACAAAACCGACGAGGGGAAGTACGGCACCATAAAGGGCTACACTGCCTTTGACGACAACGACTGGAGCGCC 

CTCATGAAGTATGTAAGCTGGGACTGGGCCGGCAGAGATGGCCAGTACCAGGACATAGCCAGGTACTTCCTCCAG  

CTCGTCGAGAAGTACAACGTCAGGCTCATCCTGGCGGGCCACATACACCACGACAAGCCGATACTGTACATCGA 

CAAGGACGGGAACGAGCACTGGTTCTACACTCTAACCACCACGGGAGCGCCGGACAAGACCAGCAACCCTCCG 

AGTAAGGCGGATATCCAAAAGGGCTACAAGATCCCAAGCTGGTACGGTTCCCAAGTCATATACGTCTACCCAAA 

CGGGACTGTAAGCTTCCCTGAGATAGACGATGTCCTCCGCCCGGGAATAAGCTCCCTGCCGGTTCCACAGAAGT 

TCGTCGTCCTCAGGCAGAACGGTGAGGATGGAACCGCCGTTCACTTCTTCAACAACCTCGGCAAGGCCGTCAGCG 

GCCCTCTCGTGGTTCGGATACCCGAAGGCGCCAAGGTGGACCCCGACGCGACCACCATAA 

Primer est71G8_1 (1.5 kb) for CATATGGACGTTAAGAGGGCCCTTGCA  

Primer est71G8_1 (1.5 kb) rev GGATCCGTGGT CGCGTCGGGGTCCACC 
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>est71G8_1 (0.6 kb) 

ATGCCGTTTAAACTGCCTATCTTTCGGAAAAGGGTCCTTGAAGTGCTCGCTTCCTCCGATGAGACCAAGGTCATGC 

ACGTAAGCGACACTCCCGAGAGTGTCTACCGCTTCATCGATGAGCTCATAGAAAAAACCCGACCCGATTACGTTA 

TCCATACCGGCGACCTGGCCGACAACGTAAAGCTGGAGAGACGGCCCGAACTAAGACCCCGCTACCAGGGCGC 

AATAAGGAGGCTCGCCCACGTCCTCAAGGGCTACGGGGTGAAACTCTACGTCGTTCCGGGAAACGAGGACGACC 

CGGAGCTGGTCAGGGAGTTCTTTAGGAAGGCCGTTGTCGATCCCGGGACAGTCGTGGAGATAGAGGGGAAGA 

GGTTCGCCCTCGGTCACACCTGGAGGGACGTCCTTGAACTCGATGCGGATTTTAAGCTCTATGGCCATAACTTCAA 

GCTCATCGAAAAGGGCCTGAACGGCGTTCTCGGCGTAAACTTTGTGCTCCTTCCGAGCGGGAGGACGTACAAGG 

TAAAGTATCCCGGAGGGACGGATTTCGACAGGGGATATAAGATGTGGAGGGGTATGTGA 

Primer est71G8_2 (0.6 kb) for CATATGCCGTTTAAACTGCCTATCTTTCGG 

Primer est71G8_2 (0.6 kb) rev CTCGAGCATACCCCTCCACATCTTATATC 

>est73E12 

ATGCTGATAGGTATAATGAGCGATACCCATGACAACCTGCCGGCCATCTCCAAGGCGGTTGAGCTGTTCAACGGG 

AGGAACGTTGAGCTTGTAATCCACGCGGGTGACTACGTTGCCCCCTTCGTTGCCAGGGAACTCAAGAAGCTCAAG 

GCACCGCTCAAGGGTGTCTTCGGCAACAACGACGGCGAAAGGAAGGGTCTCTACGAGGCACTGGGGATATACGA 

TGAGATACTGGAAATCGAGGCCGATGGCATGAAGATAGCGGTAACCCACGGCACCGATGAGCGCATAGTCCGTG 

CACTGGCCAGAAGCAGGCTCTACGACGTTGTCATAGTCGGCCACACCCACCGCTACGAGATACGCGAGGAGGGA 

AGGACCATACTCGTCAACCCCGGCGAGGTCTGCGGCTACGTCACAGGAGTGAAGAGCGTCGCCCTGCTCGACAC 

TCGGAAGAGGGAGGTGCAGATAGTCAACCTCGACACCGGGGAGCTCCTGGGGGCAATGAGTCTCTAA 

Primer est73E12 for CATATGCTGATAGGTATAATGAGCGATACCC 

Primer est73E12 rev CTCGAGGAGACTCATTGCCCCCAGGAG 

>est79/C1 

ATGGAACTCTACAAGGCCAAATTCGGTGAACTAAAGCTCGGCTGGGTCGTTCTCGTCCACGGCTTAGGGGAACA 

CAGCGGGAGGTATGGAAGGCTCATTTCGATGCTCACAGATGCCGGCTTTGCCGTCTATGCCTTCGACTGGCCCGG 

CCACGGTAAGAGCCCCGGCAAGAGGGGGCACACGAGCGTCGAGGAGGCAATGGAAATAATCGACTCGATAATC 

GAGGAGATCGGGGAGAAGCCATTCCTCTTCGGCCACAGCCTCGGCGGTTTAACCGTCATCAGATACGCAGAAAC 

GAGGCCCGATAAAATACGGGGCGTAATCGCTTCCTCGCCGGCCCTCGCCAAAAGTCCGGAAACGCCGGGCTTCAT 

GGTGGCATTGGCTAAGTTCCTCGGAAAAATCGCACCAGGAGTTGTTCTCTCCAACGGACTGAAGCCGGAGCTACT 

CTCCCGGAATCCCGAGGCCGTGAAGCGCTACGTCGAAGACCCGCTCGTTCACGACAGGATTTCGGCCAAGCTGGG 

GAGGAGCATTTTCGTGAACATGGAGCTTGCCCACAGGGACGCAGGGAAAATAAAGGTTCCCGTGCTGCTAATCG 

TCGGCACGGGCGACGTGATAACACCGCCCGAGGGCTCAAGGAAGCTCCTGGAGGAGCTTGAAGTTGAGGACAAG 

ATGCTAAAGGAGTTCGAGGGAGCGTACCACGAGATATTTGAAGATCTGGAATGGGCAGATGAACTCCATAGAGC 

TATAGTGGAGTGGCTGGTCGAAATGGCAAAAAGGAAAAGCGTCAGATAA 

Primer est79/C1 for CATATGGAACTCTACAAGGCCAAATTC 

Primer est79/C1 rev CTCGAGGACGCTTTTCCTTTTTGCCATTTCG 

7.1.3 Elbe sediment "Glückstadt" 

>est143/F5 

ATGTGGGCGAGGACTACTTCTTCTACGACATCGGCGCGACGGCGTCGTGGGGCATCATCTCCGTCGATCTGCGCT 

GGGTCAGCACCGACATCGACAACATCGACTGCTCGCTCGCCGACAACTGCGAAGGCGGCGTCGTACTCTCGGTC 

TCGGCCGACCTGCCCGGCTAACGCCGGCGTCAAAGCGAACATGCAAAACCCCCGCGCCAAACGCGGGGGTTTTC 

GTTTGTCAGGCCTCGCCCAAGAACGCGAGCGCAGCCGCCTTGAACGCCTTGTCGCCGACGCTCGACATGTGATC 
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GCGCCCGGGAACCATCACGACACGCGCATGCGGCAACGCGTCGGCCAGCAGACCCGG CGGCCCCGTGATGTTGT 

CCTTCTCGCCCACAACCAGCAGCACGGGAACGGAAAGCCCCGCAAACTCTTCCGCCGTGAACGAGTGCCGCCGT 

CGCGTCATGCACAGCGCCAGCGCCTCAAGGTCATTGCTGCTCTGCTCCGCGAATACGCGAAACGTGCGTGGCACG 

ACACCCACGATTTCCGACGCATCGCGTGCGCGCAGACCGGCCGCGATCGCATCCGTCTCCAACCGCCCGCGGCC 

GTAGTAATTCTCGCCGACGCCGGCCACGATCGCCCGCCGGACCCGATGCGGCGCATCGTGCAGCACGCGCAGCG 

TTATGAACCCGCCCATCGAGTACCCCATCAGATCCGCTTGCGCGTATCCCAGATGATCGAGCAAGCGAACGACAT 

CCGTAGCAAGCTCGCTCTCGTCATAAGCCTCGAGCCGATGCGGCTTGTCGCTCTGACCGTGCCCACGCACGTCAA 

GCGCGATCACCTGCCTGCCGGCCTTGGTCAGCGCGTCGTACCAATTCGGCGCGCGCCAGTTTATGCCCCGGTTCG 

ACGCGAACCCGTGAACCAGAACGATAGGCGGCCCCTCACCCAAAACCTCATAGGCAAGGTTCAACGGCCCGGGA 

ACGGTCAGGAACGGCATTTGGCCTCTTGA 

Primer est143/F5 for CATATGTGGGCGAGGACTACTTCTTCTAC 

Primer est143/F5 rev AAGCTTGGCCAAATGCCGTTCCTGAC 
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