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Introduction 1

1 LYUNBRdAzOUAZY

11 / I Nb2E&ft SaisSN)r&asa yR fALI asa
Carboxylesterases (BRENDA category EC 3.1.1.1) and lipases (EC 3.1.1.3), also knoWwn as triacy
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 glycerarmsther alcoholic residue

in an equilibrium(Figurel). In organic solvents, when no or only a low amount of wateres pr

sent, they are able to catgte the reverse esterification reaction or a transesterification,
where a carbonyl residue of an ester is exchanged against another carbonyl group ad-an alc

hol. Generally, the two groups of lipolytic enzymes can be distinguished by the difference that
esterases act preferably on shechain acylglycerol910 GF 12 Ya0 'y R & i NHzS¢ f A
long-chain acylglycerolsk10 Gatoms) that are less watesoluble. Besides, most lipases show
increased activity at interfaces between water and lipids, i. eewmlsions, which is due to

their molecular structur¢Sarda and Desnuelle 1958; Verger 1997)

Q

1l "

0 H,C—O0—~—C—R’ H,C—OH o
1] | +3H,0 | 0

R~—C—O0O—CH 0 —— > HO—CH + R"A( +3 H*
| ﬂ” Lipase | .
H,C—O0—C—R"" H,C—OH

o

Triacylglycerol Glycerol R <
o

Fatty acids

Figurel. Hydrolysis reaction of lipases exemplahownon triacylglycerolsThe arrows indicate the
ester bonds that are beingeaved.

1.1.1 Structure, catalytic mechanisms and secretion of lipolytic enzymes

All hydrolases share a commonh hydrolase fold pattern in their enzyme structu®lliset

al. 1992) It consists of a centralsheet composed of usually eight stran@gure2). Although
many variations among lipases occur, the secorgtrand ( 2) is usually antiparallel to the
other strands and 3to i 8 are connected with each other by fitehelices(Jaegeet al. 1999)

The active site of serine/i hydrolases consists of a catalytic triad which is constituted by a
nucleophilic serine residue, an acidic residue (aspartic acid or glutamic acid) artcliaehis
(Figure2).
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C(’A,/‘\
) ) JAY
—/—" \COOH s
Bﬁ ﬁﬁ. b % '-kl://‘r‘.
NH B '57 : U _ His
’ \\-\‘34__ j Nu K_ ~
— ‘ ~
//B‘ /Bsy‘ ’AC \‘
,{:'/"/ %//BT /Bgﬂ
) / / ] |
aB\L—" \ P ﬂ,( ;
S 2
aD\
aEl'\L/

Figure2. The canonical fold df/i -hydrolases usually consists of &ikelices { A-"F) and eighi -sheets
( 14 8). The active site residues are indicated as black dots. Nu: nucleophile residue (serine), Ac: acidic
residue éspartic acid or glutamic agidnd His: histidin€Jaegeet al. 1999)

Within lipases, the serine residue usually is embedded highly conserved GKSerX-Gly

(GX-SX-G) motif(Olliset al. 1992) It is located at the soalled nucleophilic elbow where the
OFrGrteidard YSOKFyAay 2F SaiGSN) KeRNeRfeéaira Aad Ay
of the serine hydroxyl rgup interacts with the activated carbonyl group of the lipid's ester

bond (Jaegeket 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 tha
0St2y3 (2 GKS SylévysSqQa ySarirosSte OKINHSR OF N
a2 OFttSR dG2EelyAzzy K2fSéd ¢KS tALI&aSOa KA&GA
the catalytic serine is transferred to it. This process is suppdyetthe catalytic acidesidue 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 subsequentéydeacylation step follows, in which a water moleculej-act

vated by the catalytic histidine to a hydroxide ion, is used to hydrolyze the satilecomplex.

Through this hydrolysis reaction, the enzyme and a free fatty acid are relédsederet al.

1999). In organic solvents, the reverse esterification reaction is favored and theeazyime

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

et al. 1988) As mentioned above, many lipases (in contrast to carlesxgrases) showni

creased activity at interfaces between water and lipid. This effect is presumably linked to a
structural feature of many, though not all, lipases, the®b f t SR af AR¢ 6KAOK A&
or one or two helices that cover the actisite in the presence of hydrophilic substances
(Jaegeret al. 1999) In presence of hydrophobic substrates, the lid opens up and by this co

formational change access to the hydrophobic surface of the active site is prqidediniet
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al. 2000) The shapef the active site’s groove is related to the kinds of substrates that the

lipolytic enzymes are able to convéRleisst al. 1998)

As most lipases are extracellular enzymes, they have to be secreted through the gell me
brane. Many lipases of Granegdive and Grarpositive bacteria possess a secretional signal
sequence at the Nerminus that mediates transportation through the inner membrane with
the Seetranslocase systerfJaegelet al. 1999; Rosenau and Jaeger 2000)the periplasm of
Gramnegativebacteria, lipases are processed to an enzymatically active form before they are
translocated by the type Il secretion pathway. Lipases that do not contain a secretion signal

sequence can be transported with the type | secretion system-{f&BiSporters).

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 functiéngigny and Jaeger 1999)
RSOSyidftez GKS OflaaAaTAOriA2y 2F GKS adNHzS¢ Al
by Hausmann and Jag@tausmann and Jaeger 2010ablel presents the keyeatures 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.bremdstmes.info/), the Lipase
Engineering Database (LBmtp://www.led.uni-stuttgart.de), the Microbial Esterase and-L

pase Database (MELDBhttp://www.gem.re.kr/meldb) and the ESTHER database
(http://bioweb.ensam.inra.fr/esthe). They provide information about lipase classifications

and recent funtonal and biochemical studieblevertheless, the number and structural dive

sity of lipolytic enzymes is so high, that someraatrbe grouped in any of these existing fam

lies.

Table 1. Classification of lipases and carboxylesterases into eight major families based on sequence
similarities and physiological functiof&rpigny and Jaeger 1999; Hausmann aaeger 2010)

Fam. Characteristics ~Size Example (NCBI acc
(kDa) no.)

11" Mostly from Grarmnegative bacteria. Secreted by type | 30-32 P. aeruginosd-
pathway. NG SNY Ayl f &ASONBGA2Y &a: pase (P26876)
lytic Asp residues. Cys residues for disulfide bridges.dea
pendent.

.29 Mostly from Grarnegative bacteria. Secreted by type I 32-37 B. glumadipase
pathway. NG SNY Ayl f &ASONBGAZ2Y &a: (Q05489)

lytic Asp residues. Cys residues for disulfide bridges. Twie a
tional antiparallel betastrands. ca dependent.

1.3 Secreted by type | pathway. €adependent. @Germinal sece-  50-65 P. fluorescenBfO1
tion signal and glycirgch repeats that mediate éa lipase (Q3KCS9)
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Fam. Characteristics ~Size Example (NCBI acc
(kDa) no.)

1.4 Mostly from GrarmpositiveBacilli Conserved penta peptide 20 B. subtilidipase
sequence modified to AiX-SerX-Gly. Optimal pH between (P37957)
10.0 and 11.5. Gaindependent.

1.5 Mostly from Grampositive bacteria. Optimal pH between 7.5 46 B. thermo
and 9.5. Some have zihinding site. catenulatudipase

(Q59260)

1.6 Mostly fromStaphylococcuspp. Nterminal secretion signal  Preprot. Staphylococcus
(approx. 200 aa). Some arezdadependent. Often virulence 75; hyicuslipase
factor. mature  (P04635)

46

1.7 Significant similarity of aa 5050 to members of family 1.2. 29-37 Streptomyces ok
Acting on short (g and long (&) fatty acid residues. $u namoneudipase
posed to act as virulence factors. (033969)

1.8 No lid structure, Cdindependent. Consensus motif L-@ly 51 Pseudoalteromonas
Gly-(Phe/Leu/TyRSerThr-Gly surrounding catalytic serine. haloplanktislipase

(Q3IFQ7)

Il GDSL: GhspSer(Leu) motif near the Nerminus.Sorre- 21-70 B. thuringensis

times CGterminal domain that acts as autotransporter througl lipase (Q3EV80)

outer membrane.

[ Typical catalytic triad. Extracellular enzymes. Similaritptoi 29-35 Streptomyces egf

tracellular and plasma monomeric isoforms of human platel liatuslipase
activatingfactor acetylhydrolase (PAKH). (Q56008)

v High similarity to mammalian hormorsensitive lipases (HSL 33-40 Archaeoglobus
Three conserved motif blocks, block Il with-BigGly-Gly fulgiduslipase
consensus sequence. (028558)

Y Typical catalytic triad. Significant aa similarity to variouséac 27-35 Pg/chrobacter
rial norHipolytich/i hydrolases. Originate from different ba immobilislipase
terial genera. Three conserved motif blocks. Ser in block I, (Q02104)
and His in block I11.

\ Typical catalytic triad. Mostly act on small substrates. Apprc 23-26 Xanthomonas
40% sequence similarity to eukaryotic lysophospholipases. campestriester-
Three conserved blocks. ase (Q3BXV6)

VIl Aa similarityto eukaryotic acetylcholine esterase and iste 55 Arthrobacter -
tine/liver carboxylases. Four conserved motif blocks. Mostly ydansesterase
active on short fatty acid chains. (Q01470)

VIl / t | a-lactamasélike fold. Seix-X-Lys motif at the N 3943 Arthrobacter glol>
terminus formisesterase

(Q44050)

Y Members of family 1.1 and 1.2 are processed into an active form by special chaperones, the so called
[ A Fé¢ LINRspeRificyfoldasésj. NdrdhaBy Sgenes encoding these proteins are located in &n ope
on together with therespective lipas¢Rosenatet 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 glycerdtss hvay,

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 gifgR in

ure 3. Spreading of bacterial populations can be supported, because new ecological niches can
be colonized when lipases and esterapase the way. As an example, many pathogenic- ba
teria produce lipases that act as virulence factors because they affect the host tissue like for
example the plant pathogeKanthomonas campestr{§amirAriel et al. 2011)similar to pah-

ogenic fungi that produce lipases for lipid turnover within the hosdt and for plant infection
(Nguyenet al.2011) Lipase production is sometimes regulated by quoransing like e. g. in

the pathogensPseudomonas aeruginos&urkholderia cepaciaand Burkholderia glumae

(McKenneyet al. 1995; Devescowt al.2007)

- Fat degradation

- Lipid modification

- Membrane adaption
- Alkane degradation
- Lipid signaling

- Carbon source supply

- Toxin degradation

- Antibiotic synthesis

- Quorum sensing interference
- Niche colonization

Metabolism Growth promotion

Lipolytic enzymes

|

Virulence

- Plant cell wall degradation
- Adhesion / biofilm formation
- Immune response interference

- Biosurfactant production
- Cell motility
- Host lipid degradation

- Host lipid signaling

Figure3. Possible physiological functions of carboxylesterases and ligdsesmann and Jaeger 2010)
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1.2 LYRAZAGNRALFIE 06A20GSOKy2ft 238

¢KS FTASER 2F 0A20SOKy2f238 OFy 0S RAGARSR Ayl
0A20SOKy2tf238¢ NBFSNE G2 F 3INRKROdA GdzNIF £ | LILX A OF
GoKAGSE 2N AYRAZAGNRAIf o0A2GSOKy2ft23& Aa RAAaGAY
them and especially their enzymatic products for industrial proeg@srazzetto 2003)In -

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 hazardwus su
aldlyO0Sa o6Ad 8BE BENBSBNI OKEWANMBS AYRSLISYRSyOe
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 ttwe pr
RdzOGA2y 2F O0A2RSANIRFo0fS LIXFAGAO YIGSNRFf A& T3
(Soetaert and Vandamme 2006)

1.2.1 Biotechnological relevance of carboxylesterases diphses

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 cheetgnges in fatty acid compies

tions by transesterification (polyunsaturated fatty acids) to provide health benefits onfor i
proving bread dough stability, volume and consistei€ek et al. 2002; Guptaet al. 2004;

Panda and Gowrishankar 2008urthermae, lipases are added to cleaning agents in order to
remove oil stains and as surfactants. This is possible, because these enzymes ar-often e
traordinary stable against detergents. Most esterases and lipases also show high stability
against organic solvés, 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 solventéKlibanov 2001pr in ionic liquidgKraglet al. 2002) The widemajority

of carboxylesterases and lipases act cofaatolependently which makes their industrial appl

cation easier and cosdffective.

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

for perfumes(Divakar andvianohar 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)uring the production of biodiesel from vegetable oils and methanol,
lipasesperform esterification and transesterification reactions that result in the desired methyl
esters (HGCOQR";RoblesMedinaet al.2009; Faret al.2012)

As some lipases are able to react highly chemegio and stereoselectively, they offer many
possbilities in organic synthesigoeller and Wong 2001; Reetz 20029r instance, they can
be applied for the resolution of chiral secondary and tertiary alcohols that serve asienant
opure building blockéMitsudaet al. 1988; Kourist and Bornscheuer 201th) pharmaceutical
industry, they can be used to produce enantiopure nonsteroidakiafitmmatory drugs like
naproxen, kete and ibuprofen(Tsaiet al. 1997) Concerning ibuprofen, the&Sfenantiomer is
about 160 times more physiologically active thare tfR-enantiomer (Henke et al. 2000)
which, moreover, can even cause intolerar{E@zlenaet al. 2006) Lipases are employed for
polycondensation reactions resulting in the synthesis of polyegt€obayashi 201Qhat can

for example be applied as medical devices because of their biodegradébiditg 2008and
because they are netoxic. Sugaesters that are often used as emulsifiers in food industry can
be synthesized by lipases, tgobayashi 2011)Natural polyphenols and phenolic antibx
dants provide benefits for health and are supposed to be stabilized by {ipadéted acyd-

tion (Torreset al.2012)

Finally, fatty acid esters are important components of cosmetic products for example as pure
oilsfora] Ay OFNB 06442 OFltfSR SY2f{tASyGas fatidg S® G &+
agents or solubilizer@ills 2003) Emollient esters like for example decyl oleate, decyl cocoate,
myristyl myristate and polyglycer@l laurate can be produceghsecatalyzed with high purity

and under profitable conditiongHills 2003; Hilterhaust al. 2008; Thum and Oxenbell 2008)

One problem, however, is that these esters are highly viscous and the production precess d
mands working temperatures above 70%Cfacilitate 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 denaturafiogvissoret al. 2009) The thermal
instability of many catalysts is therefore a limiting and restricting factgills 2003;
Brummundet al. 2011) There is a high demand for novel thermostable lipolytic enzymits w
elevated temperature optimao 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 generallydherm
philes (65°C) @ as moderate thermophiles (>65°C), extreme thermophiles{€yand hype
thermophiles (>90C;Imanaka 2011)Of course, the stability of these organisms” cell comp
nents and the enzymes they produce has to be adapted to high temperatures and against
thermal denaturation in appropriate ways. Some factors beneficial for therafilgty of en-
zymes are a relatively small hydrophobic surface exposeantl Gtermini as well as loops

that are fixated near the center of the enzyme, strong-pirs, e. g. with arginine residues,
hydrogen and disulfide bonds, interactions between aati pairs and hydrophobic inteca

tions, e. g. by methyl groug¥ieille and Zeikus 20Q1Generally, an increase in internal hger
phobicity and stabilization of the secondary structure together with compactness and rigidity
of the overall structureenhance protein thermostabilityFeller 2010; Imanaka 2011eve-
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 aSdil3aSy2Ya0a

¢KS GaANBIF G LI I deScribés2tdzyhienomesidh Yhatfmigh more bacterial cells
from an environmental sample can be counted under the microscope than are growing under
laboratory conditions as colonies on agaates(Staley and Konopka 1983t is estimated that

less than 1% ddll microbes are cultivabldmannet al. 1995) In order to avoid the diversity
decreasing cultivation step, metagenomics was invented. It denotes a cifitiependent
approach of direct cloning that provides access to the large diversity of uncudtibaloteria

and was first proposed almost 30 years dfaneet 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 oftdascherichia co{Hardelsmanet al. 1998) Subsequently,

the metagenomic libraries constructed this way can be explored and analyzed for certain
genes (e. g. 16S rRNA genes or genes encodingnzgynes of certain pathways) by using a
sequencebased approach which is often uséo answer ecological questions. The clones of
the libraries can also be screened for biochemical properties by using a fubetsaa @-
proach. This reveals a large reservoir of novel biocatalysts, drugs or other biotechnologically

useful molecules fronuncultivated bacterigStreit and Schmitz 2004; Schmeisserl. 2007,
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Steeleet al. 2009) Within the last decade, methods and instruments were developed and e
tablished that enable shotgun sequencing of whgnomes of environmental samples.
Thereby, @ormous sequence data is produced and the often underestimated diversity of non

cultivable microbes can be explor@denteret al.2004; Simon and Daniel 2011)

1.3.1 Metagenomederived carboxylesterases and lipases and their biochemical

properties

Over tenyears ago, the first lipolytic enzymes were discovered from metagendheneet

al. 2000) Since then, many esterases and lipases have been discovered in metagenomic libra
ies that were most often constructed with DNA from soil bactéreeet al. 2004;Elendet al.

2007; Honget al. 2007; Leeet al. 2010; Nackeet al. 2011; Yuet al. 2011) from bacteria of
marine sediment(Leeet al. 2006; Hardeman and Sjoling 2007; Jextral. 2009; Jeoret al.
2009; Penget al. 2011)or from animal guiLiuet al.2009; Bayeret al. 2010) because the m
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 libra
ies were constructed witbDNA isolated from samples of thermal environments like hot springs
(Rheeet al.2005; Tirawongsarait al. 2008; Sharmat al. 2012) Unfortunately, the access for
taking samples from most of these thermal habitats is often difficult or restricted. Ways t
overcome this problem are sampling of marade 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 reducethinvithe enrid-
ments, this strategy has led to an increase in the detection frequency of positive clon&s in pr

vious studiegEntcheveet al. 2001; Knietsclet al.2003; Elenckt al.2006)

So far, more than 80 metagenomic esterase and lipase genes have been reg(@ideltet al.
2009) One reason for the relatively high number of novel carboxylesterases and lipases o
tained from metagenomic libraries is the broad repertoire of funcii@sed screening tet
niques(Beissoret al. 2000; Reye®uarteet al. 2012) Most esterases and lipases were ident
fied by using tributyrin or other triglycerols as substrates in indicator plates. Nevertheless,
recombinant overexpression and purification wasflr not possible with every metagenomic
esterase and lipase discoverégteeleet al. 2009) not only because of timeoncerning co-
straints but also because of expression problems that made a higher yield of recombiaant pr

tein difficult to achieve.



Introduction 10

1.3.2 Heterologous expression of lipases

By means of metagenomics combined with functimased screening techniques, a certain
level of expression is provided, as otherwise no activity could be detected for the recombinant
enzyme produced by its heterologous hosext to many different problems that impede the
expression of recombinant proteins, enzymes can be misfolded because of missing- chape
ones, truncated or even not produced at all because of different codon usages. These enzymes

can hardly be detected in fiction-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, espdyi@l. coli repress the higtevel production of thesere
zymes or they store them inactivated in inclusion bodt@bunget al. 1991; Oginaet al. 2008)

In order to avoid the timeonsumptive refolding procedure, fungal hosts IRiehia pastoris
(Quyenet al. 2003; Jianget al. 2006) Saccharomyces cerevisifleopezlLopezet al. 2010)
KluyveromycespeciegRochaet al.2011)and Candida rugoséFerreret al.2001) but also the
actinomyceteStreptomyces lividang&Cote and Shareck 201@kre used as expression strains

for bacterial lipases. Nevertheleds, colremains the most often used expression host foc-ba
terial lipases because of its uncomplicated and inexpensive culture conditions and the many
different strains and expressionsfgms available. In some cases, lowering of the temperature
during the time of expression was leading to an increased production of the recombir@nt pr
teins inE. col{Terpe 2006)Particularly thermophilic lipases that are barely active at teraper
tures keneath 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 tlarcoliwith 37°C Psel-
domonas antarcticavas investigated in this study concerning propertiesfor serving as a

novel heterologous expression host.

1.4 LyaSyaAazy 2F GKA& 62N

The aim of this study was to discover novel thermostable lipolytic enzymes. In order to find
enzymes with the desired environmerglated thermostability, metagenomic librariesaliid

be constructed irE. coliwith bacterial genomic DNA of thermophilic enrichment cultures and
these should be screened for lipolytic activity. Positive clones should be examined fa-the r
spective genes conferring lipolytic activity. The lipase or waylesterase genes should be
overexpressedn E. colior P. antarcticaand 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 elymes should be solved.
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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 humuieh soils. Four water samples were taken fremeet water brooks

and ponds.

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

were taken. The temperature of the water atetime of sampling was above 40.

22 . I OU0 SN KS O# a/NB \OR2a A U NHzO U &

Table2. Bacterial strains used in this study

Strain Characteristic¥ Reference/source

E.col61 ph supEl nlagam c ¢ O Zjy & m [istiRT Invitrogen (Karlsruhe, Germany;
recAl endAl gyrA96 thi-1 relAl Hanahan 1983

E. colEpil00 F mcrAn iirr-hsdRMSncrBQ Epicentre (Madison, WI, USA)
U y dlach a m pacXpd recAlendAl a-
aD139n dra, ley 7697galUgalK<-rpsL

nupG
E. colBL21 (DE3) F,ompT, hsdSB (g mg )gal, dcn= < 5 9 Novagen/Merck (Darmstadt, Ge
many)
P. antarctica Wild-type strain DSMZ (German Collection of-M

croorganisms and Cellultures,

(DSMno. 15318) .
Braunschweig, GermanReddyet

al. 2004
Y Gene and phenotypes according {achmann 1983)
Table3. Vectors used in this study.
Vector Characteristic8 Size (kb) Reference/source
pDrive TAcloning vectorpriEg R.dacZ 3.85 QIAGEN (Hilden, Germany)
AmpR, Kar, T #promotor
SuperCos Cosmidvector, Amf5, Ned® cos 7.%4 Stratagene/Agilent Techno!

T3 and T7#promotor gies(Santa Clara, CA, USA)
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Vector Characteristic8 Size (kb) Reference/source

pPWE15 Cosmidvector, Amﬁ, Karf, cos 8.16 StratagendAgilent Technad-
T3 and T7promotor gies (Santa Clara, CA, USA)

pTZlQR::CFh Cloning vectorlacZ cnit TZ 3.14 Fermentas (St. LeeRot,
promotor Germany)

pET21a Expression vectotacl, Amﬂ?, TF 5.44 Novagen/Merck (Darmstadt,
promotor, Gterminal Hig-tag cal- Germany)
ing sequence

pETM11 Crystallization vector, Nand G 6.03 EMBL c/o DESY (Hamburg,
terminal Hig-tag coding sequert Germany)
es, TEV site

pBR22b Broad host range expressioncre  6.42 Rosenau and Jaeger 2004
tor, rep, mob, ladi(MCS: pEP2b),
cnf, Gterminal Hig-tag coding
sequence

pML5T, T,-polymerase vector, Telacf, 20 Drepperet al. 2005
F)IacUVS

pBBR1MGS Broad host range expressioncre  4.77 Kovachet al. 1995

tor, rep, mob, lacZ Gnf

Y Geno and phenotypes according {@aylor and Trotter 1972)

Table4. Constructs created in this study.

Construct Vector Insert Characteristics
size(kb)

pCos6B1 SuperCos 27.0 Possible esteras@r lipasegene containing insertes
guence from heating water enrichment

pCos9D12 SuperCos 26.5 Possible esteras®r lipasegene containing insertes
guence from so#land water samplesnrichment

pCos5E5 pWE15 36.6 Possible esteraser lipasegene containing insertes
guence from fresh water pipeline biofilichmeisser
2004)

lipT::pEF21a pEF21a 0.990 lipT, derived from pCos6Bjith Gterminal Hig-tag
coding sequence. Inserted blidd andHindll re-
striction sites

lipS:pET21a pETF21a 0.843 lipS derived from pCos9D1&iith Gterminal Hig-tag
coding sequence. Inserted blidd andHindll re-
striction sites

lipS:pETM11+26 pETM11 0.918 lipS derived from pCos9D1&ith Gterminal His-tag

coding sequence. Inserted Bicd andHindlI re-
striction sites
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Construct Vector Insert Characteristics
size (kb)

lipS:pETM1126 pETM11 0.843 SeelipS:pETM11+26, only with a truncated region
encoding the Nerminal 26 aa

estbE5pETF2la  pEF2la 1.386 estbE5 derived from pCos5ES5, witht@minal Hig-tag
coding sequence. Inserted blidd andHindll re-
striction sites

lipT::pBR22b pBR22b 1.025 lipT, derived from pCos6B1, witht€rminal Hig-tag
coding sequence. Inserted blidd andHindll re-
striction sites

lipT::pBBR1IMGS pBBR1IMGS 1.150 lipT, derived from pCos6B1 togethetith Gterminal
5 5 His-tag coding sequence. Inserted Apd andPst
restriction sites

23 t NA YSNEA

Table5. Primers used in this studiRestriction sites are underlined.

Primer Sequencé’ Tn (°C) Reference

616V ‘5AGA GTT TGATYM TGG CT& AG 55 E. colil6S rDNA positions 8
to 27 (Brosiuset al. 1981)

1492R '5-CGG YTA CCT TGT TAGIGAC 55 Kaneet al. 1993

Arch21f '5-TTC CGG TTG ATYG CCG &A 57 DelLong 1992

927R ‘5 CCSTTGTGG TGC T8EC C 57 Dees and Ghiorsed®1

M13-20 for "5-GTA AAA CGA CGG CCR'GT 59 Eurofins MWG Operon
(Ebersberg, Germany

M13 rev '5-CAG GAA ACA GCT ATGHCC 56 Eurofins MWG Operon
(Ebersberg, Germany)

T-promotor  '5-TAA TAC GAC TCA CTA TAG GG 54 Eurofins MWG Operon
(Ebersberg, Germany)

Ts-promotor  “5-ATT AAC CCT CAC TARAG 48 Eurofins MWG Operon
(Ebersberg, Germany)

KAN2 FR1 "'5-ACC TAC AAC AAA GCT CTC ATGAAC 72 Epicentre (Madison, WI,
USA)

KAN2 RP1 '5-GCA ATG TAA CAT CAG AGA TTT-3GA ' 68 Epicentre (Madison, WI,
USA)

lipTfor '5-CAT ATGGG CGG TTA CTA GCC BTG C 69 This study

lipTrev "'5-AAG CTTCG CAC CCT AGG CGC CGE « 79 This study

3

lipSfor '5-CAT ATBGC CCG AAA AGC AGG 63 This study
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Primer Sequencé’ Tn(°C) Reference

lipSrev '5-AAG CTGCT GTG CTT CCG GAT @A C 69 This study

lipS:pETM11 "5 TAQCATGECCGGAAAAGCAGGAAETG 71 This study
+ 26 for

lipS:pETM11 "5 AACATGTCGGTATGTCGACGACGCCEC 53 This study
- 26 for

lipS:pETM11 "5-GTGCGGCCEEGCTTCAGTGCTTGBG 68 This study
rev

estlfor '5-CAT ATGTC GCT AGG GCG CAGXGTG 71 This study

estlrev "'5-AAG CTTTT CAC GAT GAT GTC GAX GG 67 This study
lipT_Apd for "5-GGG CCTTA TGC GAC TCC TGC ABT AG 70 This study
lipT_Pstrev "5-CTG CABGC CAACTC AGC TTC G3TTC 69 This study

VR;: purine base A or G, Y: pyrimidine base C or T, S: strong binding base C or G. Restriction sites are
underlined.

24 | dzt G dzNB YRS BHAII SYSy i a

All media andressels were autoclaved at 1Z1and 2 bar for 20 min. Antibiotics and heat-se
sitive supplementgTable6) were sterilized by sterile filtration and added aftdre media

cooled down to ca. 5%. Media vith supplements were stored at'€.

2.4.1 LBmedium(Sambrook 2001)

Tryptone 10 g
Sodium chloride 5¢

Yeast extract 59

(Agar 12 g)

H,O 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 filtdrade element stock solution

and vitamin stock solution were added.
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Buffer stock solution (10x):
NaHPQ 709 KHPQ 20 ¢
H:Obidest ad 1000 ml

Mineral salt stock solutioflL0x):
(NH).SQ 109 MgC}- 6 HO 29
Ca(NQ@.- 4 HO 1lg H,Ohidest ad 1000 mi

Trace element stock solutiqdi000x Pfennig and Lippert 1966)

EDTA 500 mg NaMoQ:- 2 HO 3mg
FeSQ@- 7 HO 300 mg NiC}- 6 HO 2mg
Cod- 6 HO 5mg H:BG, 2mg
ZnS@ 7H,0 5 mg Cud]- 2 HO 1mg
MnC} - 4 HO 3 mg H,.Obidest ad 200 ml

Vitamin stock solutin (1000x):

Capantothenate 10 mg Cyanocobalamine (8 10mg
Nicotinic acid 10 mg PyridoxalHCI (B) 10 mg
Riboflavin 10 mg ThiaminrHCI (B) 10 mg
Biotin 1mg Folic acid 1mg
p-amino benzoic acid1 mg H,Ohigest ad 100 ml

2.4.3 Thermusmedium (medium Dmod. acordingto Castenholz 1969)

Solution A:
Nitrilotriaceticacid 19 CaSQ-2 HO 06¢g
MgSQ -7 KO 1lg NacCl 80 mg
KNQ 1g NaNQ 699
NaHPQ 11g HObigest ad 1000 ml
Solution B:
FeCdJ 28 mg H.Obidest ad 1000 ml
Solution C:
H,SQ(conc.) 0.5ml MnSQ - H,O 220 mg
ZnSQ-7 H20 50 mg H:BO 50 mg
CuSQ 1.6 mg NaMoO, - H,O 25mg

HoObidest ad 1000 ml
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Medium D:
Tryptone
Solution A
Solution C

lg

100ml
10ml

Yeast extract 1lg
Solution B 10ml
HoObidest ad 1000ml

The pH wasdjusted to 8.2 before autoclaving.

2.4.4 Supplements

Table6. Antibiotics and other supplements.

Antibiotic/supplement Solvent Stock solution Working concentration
Ampicillin H,O 100 mg/mi 100 pg/ml
Chloramphenicol EtOH 50 mg/ml 50 ug/ml or 150 pgml
Kanamycin H,O 25 mg/ml 25 pg/ml

Gentamicin H,O 50 mg/ml 50 pg/mi
Tetracycline EtOH 7 mg/ml 7 ug/ml

IPTG H,O 100 mg/ml 100 pg/ml

X-Gal DMF 50 mg/ml 50 pg/ml

Tributyrin (TBT) Medium - 1% (viv)

Olive oil Medium - 1% (v/v)

Pyruvate Medium - 0.1% (w/v)

25 [ dzt G dz2NB O2y RAGAZ2Y A

2.5.1 Enrichment cultures

2.5.1.1 MSM enrichment

A spatula of each soil sampg@.5 g)and 0.5ml of each water sample were combined in a 100

ml Efenmeyerflask which contained ® ml of MSM 2.4.2) supplemented with olive oil and

pyruvate Table6). The suspension was incubated ashaker with 150 rpm aRTfor one day

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

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

(Tablel), vitamins and trace element2.4.2) in a 2 | glass bottle. The enrichment was held at

65°C under moderate aeration for several weeks.
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2.5.1.2 Thermusenrichment

One liter of medium D2(4.3 was inoculated in a 2 | glass bottle with 20% sample (v/v) from
the water of a heating system without piacubation. The enrichment culture was incubated

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

2.5.2 CQultivation of bacteria

Bacterial strains were grown in test tubes (5 ml) or Erlenmeyer flasks (25 ml to 1 I) on a shaker
(Infors HT minitron, Infors AG, Switzerland) at 150 to 250 rpm. Cultures harboring a plasmid
were supplemented with antibiotics in ordéo keep selection pressure. Cultures were moc

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 pealture.

For the preparation of metagenomic libraries, colonies were tremefl to a 96 well micro
titer plate containing 150 pl of liquid LB with 100 pg/ml of ampicillin in each well. The plates
were ncubated at 37C for 18 to 24 h without shaking.

2.5.2.1 E. coliculture conditions

E. colistrains were grown overnight at 3 on cormplex LB medium2(4.1) supplemented with

appropriate antibioticgTable6).

2.5.3 P. antarcticaculture conditions

P. antarcticavas grown aerobically on LB mediuth4.1) supplenented with the appropriate

antibiotics Table6) at 17 to 22C.

2.5.4 Strain maintenance

Bacterial colonies were kept for up 4 weeks on agar plates at@. For longime storage,
glycerol stocks were prepared. Two parts of a fresh overnight culture were mixed with one

part of glycerol (87%) in a screzap tube and storedta70°C.

Cosmid librariesX.5.2) were mixed with 50 pl of glycer@d{%) per well and stored af0°C.

2.5.5 Measurement of optical density (OD)

Optical densities of bacterial cultures were measured in a cuvette (Sarstedt, NUmbrecht, Ge
many) with 1 cmthickness using a photometer (SmartSpe®lus Spectrophotometer, BIO
RAD, Hercules, CA, USA) at a wave length of 600 ngg)@fainst sterile medium. If the OD
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exceeded 0.8, samples were diluted with sterile medium in order to avoid errors in neeasur
ment. A value of 0.1 (Ql) corresponds to a cell density of approximately 1%dglls/ml for

E.colicells.

2.5.6 Cell harvesting

Liquid cell cultures were harvested by centrifugation. Up to 5 ml were transferredctpg

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

or a refrigerated centrifuge 5417R (Eppendorf, Hamb&Germany) at 9,000 rpm and@ for 1

min. Larger volumes were harvested either using a Falcon centrifuge 5804R (up to 45 ml, rotor
A-4-44, Eppendorf, Haburg, Germany) or a Sorvall RC6+ centrifuge (up to 50 ml: roi84;SS

up to 400 ml: rotor F106x500y; Thermo scientific, Braunschweig, Germany) at 5,000 to 8,000
rpm and 4°C for 20 min.

26 {GFyRFNR G(SOKyAljdzSa F2NJ 62N] Ay 3

Thermostable solutiongylass vessels and other ingments were autoclaved at 12C for 20
min for sterilization andalsoin order to inactivate nucleases. Solutions sensitive to heat were
sterilized by filtration. Materials that could not be autoclaved were washed with 70% &t®H

flamed.

2.6.1 Isolation of genomic DNA

After three weeks of incubation, a volume of 15 to 50 ml was taken from the enrichmént cu
tures and cells were harvested by centrifugati@b(6). The supernatant was discarded before
the cell pelletwasresuspended in 1 ml of washing solution and the suspension was transferred
in a 2 ml Ecup. The sample was incubated on ice fdr. IThe cells were sedimented in armi
ispin tabetop centrifuge for 2 min at 9,000 rpm and the supernatant was discarded. The cell
pellet was resuspended in 250 pl of-Jilicrose solution before 250 pl of lysis buffer werg-ad

ed. The sample was midecarefully and incubated at 3€ for 1 h. Subsequentlthe sample

was mixed with 150 pl of proteinase K solution and incal&br another hour at 37C. The

cell lysate was then mixed thoroughly with 250 pl of phenol/chloroform (1:1). Phases were
segregated in a refrigerated centrifuge 5417R (Eppendorf, Hagnlisermany) at 13,000 rpm
and £C for 20 min. The aqueous supernatant was transferred to a stealg Eind supp-
mented again with 250 pl of phenol/chloroform and centrifuged. This step was repeated three
times in order to remove proteins. Afterwardfie sample was mixed well with 250 pl of @hl

roform and centrifugeddr 5 min at 13,000 rpm and’@. After a repeating step, DNA was-{r
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cipitated with 2.5 vol of 99% EtOH and 0.1 vol. of sodium acetdirien after incubation at
20°C for 30 min ath centifugation (13,000 rpm, 4C, 20 min). The supernatant was discarded
carefully and the DNA pellet was washed twice with 1 ml of 70% EfOEkfrifugation
(13,000 rpm, 4C, 5 min). Finally, the DNA pellet was dried at room temperature ang-+esu
pended in stelle HO,gestat 8°C overnight.

Washing solution: NacCl 0.8 M EDTA 0.1 M

TEbuffer with sucroseTrisHCI 10 mM EDTA 1 mM
sucrose 20% (wiv)

Lysis buffer: TrisHCI 10 mM EDTA 1 mM

lysoszyme 10 mg/mi

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

RNase 1 mg/ml

Sodium acetate solution: Nacetate 3M

pH was adjusted to 5.5.

All solutions were dissolved in,®higes: The pH values of th€Ebuffer with sucrose and the

lysis buffeiwere adjusted to pH 8.0.lsolutions were sterilized by filtration before use.

The lysis buffer and the proteinase K solution werred as aliquots of 1 ml aR0°C until

needed.

2.6.2 Plasmid isolation by alkaline cell lys{Birnboim and Doly 1979)

The alkaline cell lysis methoslas 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 acup for 30 sec and the supern

tant was removed. The cell pellet was resuffe SR (G K2 NR dzZAKf & Ay wmnn >
Han >[ 27F 0dzFTSNJI tcup wasSrdtedlfive RiteR After/iiRubatiénSit RT

F2NI M YAYS wnn >[ 2F OKE2NRBF2N)XY 6SNB | RRSR |
Mpn >[ 27T ocaddedraSd\ihe tEop was3rivdted five times. After 1 min of ineub

tion at RT, the sample was centrifuged for 2 nfihe upper phase (approx.nn > 0s-61 & G N
ferred into a sterile 1.5 ml-Eup and 1 ml of ice cold 96% EtOH was added to precipitase pla

mid DNA. After inverting the-€&up, the samplevas incubated for 30 min aR0°C or for 10 min

at -70°C. The plasmid DNA was sedimented byrifegation at 13,000 rpm and°€ for 20 min

in a centrifuge 5417R (Eppendorf, Hamburg, Germany). The superneéentliscarded and
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the pellet washed with 0.5 ml of ice cold 70% EtOH. The sample wasfugedr for 2 min
(13,000 rpm, 4C). This washing step was repeated once and the supernatant was removed.
The DNA pellet was dried at 8D and resuspended in 20 to BDHO,i¢es: The plasmid or &

mid DNA was analyzed by agarose gel electrophor2g <.

Buffer P1: TrisHCI 50 mM EDTA 10 mM
RNase A 1 mg/ml HOhigest ad 100 ml
The pH was adjusted to pH 8.0.

Buffer P2: NaOH 200 mM SDS 1% (w/v)
HObidest ad 200 ml
Buffer P3: K-acetate 3M HOhigest ad 200 ml

The pH was adjusted to 5.5 with acetic acid.

All solutions were sterilized by filtratidrefore use. Buffer P1 was stored at@.

2.6.3 Plasmid isolation with a plasmid mini kit

Ly 2NRSNJ (G2 20GFAYy LJz2NBE LXFaYAR IyR O2aYAR 5
{LSSR tftlLaYAR YAYA 1Adé oFa daSR I O0eMRAY I (:
science, Taipei, Taiwan, China). DNA was isolated ffbrmRof an overnight culture and the

DNA was eluted with 20 to 50 pl 0§®ligest

2.6.4 Purification and concentration of DNA

2 KSYy LIHNAFAOFIGAZ2Y 2F 5b! gl & NBINEANEREY G(1KASH & D
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 pl @hs. The concentration of

small volumes of DNA solutions was carried iou vacuum concentrator (Concentrator 5301,

Eppendorf, Hamburg, Germany) at 45 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 Rlus Spe
trophotometer, BIO RAD, Heregl, CA, USA). DNA concentration was measured in a dispos
ble micro UV cuvette (Plastibrand®, Brand, Wertheim, Germany) at 260 nm agéipgtHAN

ODygo Of 1.0 corresponds to 50 pg/ml of doubdtranded DNA. The purity was determined by
calculating theratio of the extinction values at 260 and 280 nm. Pure DNA solutions have a

ratio ODRgaODrgo 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
negatiely 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 sitiee electrophoresis was perfoed at
100 V for at least 35 min with a power supply PowefP&asic (BioRad, Munich, Germartiy)
an electrophoresis gel chamber ddf0 YA YA K2NRT 2y dFf &dzoYlINAYS
MA, USA) filled with TAE buffer. Sample$ (1) were mixed with 1l of loading dye before
they were applied on the gel. After performing the electrophoresis, the DNA was stained in an
ethidium bromide solution (10 pg/ml) for 5 to 15 min and visualized under UV light of 254 nm
in a Molecular Imager® (GelDYcXR+ Imagim System, BioRad, Munich, Germany). The gel
was documented with a Quantity OneDlL 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 GeneéRiNt M 10 5b! [ | RRSRa, GeCSNXY Sy i
many) that was also loaded on the gel.

TAE buffef50x): TrisAc 2M BEDTA 100 mM

Dissolved in FDyigest

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%) 05¢g
H,Ghigestad 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 electrophoresi2@6.8) o6& dzaAy3d (GKS aDStkt/w 5b! C
(Avegene life science, Taipei, Taiwan, China) according to the manufacturer’s instructions. The

DNA fragnents were eluted with up to 30 pl,Byigest

2.6.8 Enzymatic modification of DNA

2.6.8.1 Digestion of DNA

All type Il restriction endonucleases and their appropriate buffers were purchased from Fe

mentas (St. LeoRot, Germany). These enzymes cleave doestiEnded DM 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.

26.8.1.1 Partial digestion of genomic DNA

For the onstruction 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 tBanHl| restriction siteof the cosmid vector
SuperCos. The enzymBanHI| andBs@d43l produce compatible ends. Different dilutions of
the restriction enzymdé3s43| between 1:1,000 and 1:64,000 (final concentration) weré tes

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

Master mix:  DNA solution (depending on conc.)
Bs43I buffer (10x) y >
HoGhigest ad 80 pL
¢KS YIFAGSN) YAE 61 3&8 RAODARSRzZBWIM > A IRdE2 BA S2.3 AT
enzyme dilution oBsfl43l was added to each®dzLJ | YR YAESR® hyS | f Al dz2
as enzymdtree control. Tie reaction was incubated at 3Z for 20 min and stopped immied
ately afterwards by heat inactivatioof the restriction enzyme at 68 for 20 min. The dige
tion progress due to different enzyme concentrations was determined and compared with the
undigested control by agarose gel electrophoregi§.6. The enzyme dilution that produced
only high molecular weight DNA fragments with a desired size between 30 and 40 kip-was a

plied for a preparative partial digestion.

Preparative partial digestion: Genomic DNA ca. b ug
Bsp43I (diluted with HOhiges) 1 M
BspL43! buffer (10x) 20l
HoObidest ad 200 pl

After 20 min of incubation at 3TC, the enzyme &s inactivated for 20 min at 86. The DNA

was purified 2.6.4) and analyzed by agarcgel electrophoresis?(6.6).

26.8.1.2 Complete digestion of plasmid DNA

For acomplete digestion, two different scales were used depending on the further purpose of
the DNA Table7). The reaction mixtures were incubated for 2dhovernight at the optimal

temperaure of the enzymes (usually 32). If necessary, the enzymes were heat inactivated at
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65 or 80C for 20 min. Vector preparations were dephosphorylated immediately afterwards
(2.6.8.2.

Table7. Digestion of DNA.

Analytical scale Preparative scale
DNA 0.4-1pg 4-10 pug
Restriction enzyme (10 U/pul) 0.5l 2 ul
Restriction buffer (10x) 1p 10 ul
HObigest ad 10 pl ad 100 pl

2.6.8.2 Dephosphaorylation of complementary ends

In order to avoid re or selfligation, the 5‘end phosphate groups of digested DNA were
cleaved enzymatically with Antarctic phosphatase (New England Biolabs, Frankfurt am Main,

Germany).

Preparative digestion 95 ul
Antarctic phosphatase buffer (10x) 11 pl
Antarctic phosphatase 4 ul

After 20 min of incubation at 3TC, tle enzyme was inactivated at 8D for 5 min. Finally, the
DNA was purified26.4).

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 Table3x dat/w Of2yAy3 (AdGé> vL!I D9bX | AfRSYy>
instructions after being purified2(6.4). The pDrive vector is provided in linearized form with
U-overlaps on each side. Theokerlaps of the PGRroduct that are produced by th&agpol-

ymerase ligate with the vector ends.

Purified insert 2ul
pDrive 0.5ul
Ligation master mix 25yl

The ligation wasncubated for at least 2 h at 16. Subsequently, the plasmids were gan
formed in competenE.col6 | ph OSfft a 2060.)KSIFG aK201 6

D &
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2.6.8.3.2 Ligation of genomic DNA fragments

Genomic DNA fragments with a size of48Dkb obtained after partidBs 43I digestion were
ligated into theBanHl| restriction site of the cosmid vector SuperCdable3). The ligation
was accomplished with the ATependent T4igase (Fermentas, St. LeB®ot, Germany). A
molar ratio of 1:5 was chosen, which is dependent on size and concemti@time DNAs. The

ligation mixture had a total volume of 20 pl.

Insert DNA (ca. 30 kb, ca. 1800 ng/pg pl
SuperCos DNA (7.9 kb, ca. 100 ng/p§ pl

T4ligase 1l
T4ligase buffer (10x) 2 ul
ATP (10 mM) 2 ul
HoObidest Sul

The ligation was indated at 8C overnight. The result was compared with #igated DNA

and vector by agarose gel electrophore&$(6).

2.6.8.3.3 Ligation of other DNAragments

Other DNA fragmentwiith a size of up to 10 kb, for example digested cosmid fragments for
subcloning, were inserted into the MCS of tleeZgene of the dephosphorylated vector
pTZ19R::C/(2.6.8.2 Tabled). For recombinant gene expressionHn coliat higher levels by
induction, genes were ligated into the MCS of {2#& {Table3). The genes were cloned dire
tional with restriction sites into thevector. For the expression of genesHn antarctica the
vectors pBBR1MGSand pBR22b were usddiable3). Usually, a molar vectansert ratio of

1:2 was used and THgase (Fermentas, St. LeBot, Germany) was applied like described in
2.6.8.3.2 The reactions were incubatddr 2 h to overnight at 8 or & The ligation was

compared with a nodigated control by agarose gel electrophore@$6(6.

2.6.9 Cloning of DNA

2.6.9.1 Heat shock transformation oE. coli

CompetentE.coli5 1 ph | YR . [ H16.9.Dvwere transibBried by heat shock with
recombinant plasmids. One aliquot of competent cells in @ofEwas thawed on icef 5 min.
After adding 5 ul of ligation reaction mixture (ca. 0.1 ug of DNA) and gentle stirring with a p
pette, the cells were incubated on ice for 20 min. The heat shock was cartidxy incubating

the cells at 42C for 90 sec. The cells were put omimmediately and incubated for another 5

min. 500 pl of liquid LB medium were added to thédcbefore they incubated at 3T for 30
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to 45 min. Finally, the transformed cells were plated out on LB agar plates containing selective

antibiotics. The platesere incubated overnight at 3T.

26.9.1.1 Preparation of competent. colicells

An overnight culture of the desire. colistrain (2.5 ml) was used to inoculate 250 ml oéjpr
heated liquid LB medium (3C) in a 1 | Erlenmeyer flask. The culture was incubat8@ & on

a rotary shaker (200 rpm) for 90 to 120 min until ans§dDf 0.5 was reached. The culture was
cooled on ice for 5 min and then the cells were sedimdrtg centrifugation (4,000 g,°€, 5

min, Sorvall RC6+ centrifuge, rotor FBX500y, Thermo seitific, Braunschweig, Germany).

The supernatant was removed while the cell pellet was kept on ice. The cells were reuspen
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, tlells were sedimented again by centriftiga (5,000

rom, £C, 5 min, centriuge 5804R, Eppendorf, Hamburg, Germany), the supernatantswas di
carded and the cell pellet resuspended in 5 ml of cold buffer TFB2. The cell suspension was
divided into aliquots 5100 pl in cooled €ups, frozen in liquid nitrogen and stored imnied

ately at-70°C.

Buffer TFB1: RbCI 100 mM MnC}, 50 mM
K-acetate 30 mM Cad 10 mM
Glycerol 15% H:Opigestad 100 ml

The pH was adjusted to 5.8 with acetic acid #rmsolution was sterilized by filtration.

Buffer TFB2: MOPS 10 mM RbCI 10 mM
Cad 75 mM Glycerol 15%
HxOpidest ad20 ml

The pH was adjusted to 6.8 with KQ&Nd the solution was sterilized by filtration.

2.6.9.2 Heat shock transformation oEompetentP. antarcticacells

In an Ecup, 100 pl of competeri®. antarcticacells 2.6.9.2.3 were gently mixed with 5 pl (ca.

0.2 pg) of recombinant plasmid pBBRCS5 or pBR22b. The latter had to be transformed
together with 3 pl (ca. 0.2 pg) of the vector pMLbS The cells were incubated on ice for 60
min. The heat shock was perforhdy incubating the cells at 42 for 2 min. Incubation on ice

for 10 min follaved immediately, before 900 pl of LB medium were added and the cells were
incubated at 22C 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 pl 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 antibiotic¥he plates were incubated at 22 for 2 to 4 days

before colonies were visible.

2.6.9.2.1 Preparation of competenf. antarctcacells

A preculture (0.5 ml) ofP. antarcticawas 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
ODyo 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 rededpen

25 ml of a cooled 10 mM Na&lution. 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 CaGlsolution. The cells were incubated on ice for 20 min andsequently sedimented
(4,000 g, 10 min, 4°C). Finally, the pellet was resuspended in 500 pl of a 100 midoDacCl

tion, divided into aliquots of 100 ul which were ready for transformati®6.0.9.

2.6.9.3 Blue-white-screening

The strainE. coli5 | ph Kl a | BEASYid 22 AdgKRAGaArAaG OlF-yy2id LI
galactosidase, only the-€ S NJY Asfibuiit. Vectors like pDrive and pTZ19R?@ntode the

N-termiy” | £& d?0 dzy’ A (-galactosidage &hich has an additional MCS within. Together with
020K & dzo dayaldiosidase iis&ng icomplemented to its functional form. Transfo

mations ofE. coliwith recombinant pDrive and pTZ19R:®Owere plated out on agr plates

containing the inductor IPTG and the gluc@selog XGal as well as appropriate antibiotics.

/2t 2yASa 2F OB2¢y$DI2RARI BSG OY FualicBsidasONBves SR |
the XGal molecule and by oxidation with aerial oxygeb]|ue color develops. By the insertion

2F F 5b! TN IYSyYyld -subldit2oding Kéhe @ thé ve@oF, noliaktide b

galactosidase can be produced aswlthe colonies of clones with an insert appear white.

2.6.9.4 Library construction

Libraries were costructed by using the cosmid vector SuperCos (Stratagene/Agilent Teehnol
IASasz {lFydal [/ fFNrxT /1T {10 6KAOK OFNNgFSa I YL
es that were used to introduce recombinant DNA into the hostEetoliEpi100. Both veor

YR LIKIF3IS LI NILIAOESaE 6SNB adzZll ASR sAlGKAY GKS
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 tFO1F3AYy3 2F 5b! Ayd2 < LKF3IS LI NIGAOES

PhagelJ: O1 F 3Ay3 YAES& FTNRBY GKS aDA3II LI O{td-LLL D2
Ay3d G2 GKS Y ydzF I Cup doNBiMidQ he padkBging éxi@att was Ith@wed

before it was mixed with 3 pl of the ligation mixture of SuperC08.8.3.2. The reaction was

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

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

0KS < LKIF3ASa gAGK (GKS NBO2 YO AupyThe phnges WereR 6 I &

stored at 4°C until used for transduction.

Buffer SM:  NacCl 0.58 ¢ MgSQ 200 mg
TrisHCI (pH 7.5) 50 mM Gelatine 0.01% (wi/v)
HxObidest ad 100 ml
2.6.9.4.2 Preparation of phage competent cells

E. colEpil00 was used as a host strain. In a test tube, 5 ml of liquid LB medium supplemented

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

grown E. coliEpil00. The culture was incubated on a rotary shaker at 200 rpm and 37°C for 4
to 6 h until the Olgyreached 0.8 to 1.0. Cells were transferred toups and harvested at
2,000 rpm and 4°C for 10 min in a centrifuge 5417R (Eppendorf, Hamburg, Germany). The s
pernatant was discarded and the cell pellet was resuspended in few ml of 10 mM,NMgSO
order to set the ODpoto 0.5. The phage competent cells were stored on icdl wsed for

transduction.

2.6.9.4.3 ¢N} YERAZOGAZY 6AGK < LIKFIS LI NIAOESa

SAFFSNBYUl RAfdziAzya 2F GKS < LKIF3ISa ¢gSNB GSai
transduction of the competent cells. The phages were diluted 1:2, 1:10 and 1:50 with buffer

SM.In Ecups, 25 pul of each dilution was mixed with 25 pl of the compekerdoliEpil00 cells

(2.6.9.4.2 and the transduction took place for 30 min at 22°C. Tdvéaezup, 200 ul 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 pg/ml

ampicillin.

2.6.9.5 Subcloning

For the identification 0ORFs encoding lipolytic activity, the lipaseesterasepositive cosmid
clones were subcloned with restriction enzymes HaRI,Hindll andSad (2.6.8.1.3 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::@r6.8.2 2.6.8.3.3, which

carries a chloramphenicol resistance gene, and clonedintmIlb | pby heat shocka.6.9.7).

Colonies containing clones with insert were selec2.0.3, their insert size was analyzed by

digestion 2.6.8.1.3 and the clones were tested on lipolytic activiB/8). The ORF encoding

the lipase or esterase of the positive subclone was then identified by transposon mutagenesis
(2.6.9.9, sequencing26.11.1 F yRX AF ySOSaalNEBZI GLINRAYSNI gl f

2.6.9.6 Transposon mutagenesis

On positive sbclonesjn vitrotransposon mutagenesis using the EZ™M#&KAN2> transposon

1AG O69LIAOSYGNBI alRA&A2YS 2L {10 gl a OFNNASI
Clones harboring a transposon grew on LB agar plates containing kanamycinrah#poson

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

agar plates supplemented with TBX.§.1). With the inseréd priming sites of the transposon,

the corresponding gene was sequenced using specificXgdiners Table5) and automated

sequencing ABI37échnology 2.6.11.1.

2.6.10 Polymerase chain reaction (PCR)

2.6.10.1 Primers

Depending on the melting temperature(Tof the primer, annealing is taking place at varying
temperaures. The melting temperature,is dependingon the length and the G€ontent of

the primer (Ecuation 1;Chester and Marshak 1993)

Tn=69.3°C + 0.41°C x [GEYH50 / no. of bp) (1)
The melting temperatures of the primers used in this studygawen inTable5.
The annealing temperatur&,,, is calculated as follow&quation 2}

Tann =T 5°C (2)

When theT,,, of two primers used in one PCR reaction significantly differs, the IGygrs

being used

Some primers were designed to introduce @Ngld and a 3HindlI restriction site into the PCR
products Table5) 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. Usuaillg DINA

polymeaase was applied, only in sensitive caseBfapolymerase 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 pl reaction mixture was prepared in a 100 Ht B6ER

DNA template 1IH >
Tagpolymerase buffer (10x) p >

dNTPs (2 mM) H >
C2NB I NR LINAYSNIMOw] >abl
WSOSNES t NAYSNIMOwA >aol
(DMSO H >[0
Tagpolymerase (ca. 2.5U/ul) ndp >
HoOpidest adpn >

The PCRReaction was carried out in a thermocycléidstercycler® persondtppendorf, Ha-
burg, Germany) and the conditions were used as indicatethliie8. Usually, 35 cycles were

performed. An elongation time of 1 kb per min was estimated forfthgpolymerase.

Table8. Standard PCR reaction conditions.

Initial denaturation 95°C 2 min
Denaturation 95°C 30 sec
Annealing 35 x Tann= Tn-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 co
2ye YFOGSNRLFE 41 & &GRSy RS RusgiGiontngrie tbsgd a dite |
plate.

Template H >

Tagpolymerase buffer (10x) H®Pp >

dNTPs (2 mM) Mo >

C2NBIFNR LINAYSNIwWp>[>a0

WSOBSNES LINAYSNIwp>[>a0

Tagpolymerase noHp >]

H2ooidest adH P > [

The PCR reaotn conditions were as indicated irable8.
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2.6.10.4 Purification of PCR products

Thessize of PCR products was anatydy agarose gel electrophoresi&s§.6. Subsequently,
GKS aDStkt/w 5b! CNI3IYSyida 9EGNI OlAz2y (AlGéE 6!
used for purification of the PCR products asaliéed in the manufacturer’s protocol. The

samples were eluted with up to 30 P®higest

2.6.11 Sequencing of DNA

2.6.11.1 ABI sequencing

{SIjdzSyOAy3a ol a OFNNASR 2dzi Ay GKS 3INRdzL) 2F t
az2fS1dzf I NDA 2 23A SechtsdUniversity,XKiel/ Gehdary)i Jamples Werédpur

fied 264 | YR | R2dzadGSR (G2 | 5b! O2 ¢rAS0yhg/NXcé-A 2y 27
mids)in HOyigest Then, 3 pl of DNA were mixed with 1 pl of primer (4.8 uM). According to the
manufacturer’s instructions, a reaction mixture was addéd.ABl 3730XL DNAayzer (4-

plied Biosytems/Life technologies, Darmstadt, Germany) was used based on the Sahger tec

nique (Sangeet 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 IKME(6.11.) with a 454 FLX sequencer system (Roche 454, Branford, USA).

The pyrosequencing technique is baseddennovosequencing by a whole shotgun approach
(Ronaghket al.1998) Isolated DNAwith XA YA YdzY O2y OSYGNY GA2Y 2F onn
purity of Ego2g00f 1.82.0 in HO,igestWas required. Fosmids were pooled in equimolar amounts

and afterwards sequenced with the Roche FLX.

Whole-genome sequencing was performed in the Goéttingen Genshaboratory (G2L) in the
working group of Prof. Rolf Daniel (Genomic and Applied Microbiology, Univef<ggjttn-

gen) using the 454 FLXYrpsequencing system (Roche 454, Branford, USA). The isolated DNA
provided for sequencing was used to create 4bdtgun and paired endibraries following the

GS FLX general library protocol (Roche 454, Branford, USA).
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27 {0FyRIFENR GSOKyAljdzZSa F2NJ g2NJ Ay 3

2.7.1 Induction

Cultures were inoculated with-3% of an overnight culture and grown on a rotary shaker (200
rpm). In order to find the optimal temperature for expression, different incubation teraper
tures were tried out. Cultures were incubated at 37°C & I2, at 28°C for-3 h and at 17°C

for 6- 8 h until an Oy, of 0.8 was reached. The production of the redmnant proteins byE.

coli BL21 (DE3) was then induced by the addition of 0.1 to 1 mM isopbapsiD-
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 4€)1The temperature and conee
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 centrifugatb.§. 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 tha®@ 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 ohe 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-pupride 5 to30 min
(amplitude 50%, cycle ®). until the lysate visibly started to clear. Cellular debris was-sed
mented by centrifugation at 13,000 rpm and 4°C for 20 min (centrifge/R, Eppendorf,
Hamburg, Germany). Larger volumes were harvested in a Sorvall RC6+ centrifuge (Bdtor SS
Thermo scientific, Braunschweig, Germany) at 13,000 rpm and 4°C for 20 min. The supernatant
containing the proteins was transferred to a nevedp 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: KHPQ 44 (0.2 M) 39 ml
KHPQ 44 (0.2 M) 61 ml
Hzooidest ad 200 ml
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0.1 M Phosph buffer (PB) pH 8.0: KRPQ o (0.2 M) 53 ml
KeHPQ 4 (0.2 M) 94.7 ml
H,Obidest ad 200 ml

The pH was measured and if necessary adjusted witi?®H, (0.2 M) orkcHPQ,q (0.2
M).

Lysis buffer: NaHPQ 50 mM NaCl 300 mM
Imidazole 10mM

The substances were solvedHsO,i4estand pH was adjusted to 8.0 with NaOH.

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

ion affinity chromatography (IMAC)

Cell extracts of cultures containing six fold histidine jH&égyged proteins in the soluble fta
tion were prepared in lysis buffe2 (7.2 and were incubated with 1 ml of INITA agarose (Ni
NTA coupled to sepharose, QIAGHNGen, Germany) per 4 ml of lysate. Thesithgiged po-
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 Higagged proteins were eluted with 8 x 0.5 ml
of elution buffer.
Wash buffer: NaHPQ 50 mM NaCl 300 mM
Imidazole 20 mM
Elution buffer: NaBhPQ 50 mM NaCl 300 mM
Imidazole 250 mM

Both solutions were solved H,O,igestand pH was adjusted to 8.0 using NaOH.

2.7.4 His-tagged protein purification under denaturing conditions

Some overexpressed proteins are deposited in inclusion bodies withig.tbelicells. In order

to purify proteins from this insoluble fractioegll 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 RTuntil the lysate turned clear. The lysate was centrifuged for 30 miRTgtL3,000

rpm, centrifuge5417R, Eppendorf, Hamburg, Germany). The supernatant was incubated with
Ni-NTA Agarose as described2ir.3at RTand loaded on a column. The-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 andtmes with 0.5 ml buffer E2. All fractions were collected and

analyzed by SDISAGE2.7.7).
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Lysis, wash and elution buffers E1 and E2 were all composed of

NaHPQ 100 mM Tris 10 mM
Urea 8M solved in BOyigest

The pH of the lysibuffer was adjusted to 8.0 using NaOH. With HCI, the wash buffer dvas a
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 froomthe e
zymesolution that may have a negative influence on further assays or stability. Protein co
taining elution fractions4.7.3 were combined and dialyzed against 0.1 B (H 8.0) in a
dialysis membrane (Membr@el", MWCO 7,000, 22 mm diameter, Serva Electrophoresis
GmbH, Heidelberg, Germany). Therefore, the membrane was prepared according to the man
facturer’s instructions and filled with the elution fractions. It wag m 1 | of PB and stirred
slowly overight on a magnetic stirrer at°€. 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 (Vivaspin2dWCO 10,000, Sartorius Stedim Biotech GmbH, G6
tingen, Germany) andentrifuged with 5,000 rpm at°€ in a Falcon centrifuge 5804R (roter A
4-44, Eppendorf, Hamburg, Germany). When only concentrated protein solution wasnremai
ing above the filter membrag the enzyme solution was washed twice witd 2nl 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 RQu@&ntsolution 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 am
no acids of the proteins and thus a color change reactides place. By this, the proteinrco
centration was measured after an incubation of 5 min in the dark in a photometer
(SmartSpel! Plus, BIO RAD, Hercules, CA, USA) at 595 nm against a protein free blank with
buffer. The extinctions were compared with arstiard 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 SD&polyacrylamice gel electrophoresis (SBEFRAGELaemmli 1970

The protein solutions were analyzed by SEXS5E. SDS is anionic amphipathic substance
that binds to polypeptides. It actienaturing and confers an abst evenly distributed charge
The denatured proteins can migrate in the electromagnetic field through the matrix. Tbe ele
trophoretic mobility is dependent oa 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 andyer carr

ing out the electrophoegsis.

2.7.7.1 Preparation of denaturing SDfolyacrylamide gels

Usually, discontinuous gels with a 7% stacking gel and a 12 or 15% separating gelewere pr

pared. After cleaning both with 70% EtOH, a spacer plate was put together with a short plate
and arrested im casting frame. The glass plate sandwich was clamped in a casting stand and
loaded with approximately 5 ml of separating géable9). The gel wasverlaid 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 gbleQ) was a@-

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 stk solution: Tris 15M SDS 0.4% (w/v)
H:Obigest  ad 250 ml pH 8.8

Stacking gel stock solution: Tris 0.5 M SDS 0.4% (w/v)
H:Obigest @d 100 ml pH 6.8

Acrylamide stock solution: Rotiphorese® Gel 40 with bisacrylami@@9:1; Carl
Roth GmbH, Karlsruhe, Germany)

Ammonium persulfat¢APS): 10% (w/v) in BDyigest
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Table9. Pipetting scheme for SO8lyacrylamide gels.

Separating gel Stacking gel
12% 15% 7%
Acrylamide stock solution 3.0 ml 3.75 ml 0.7 mi
Separating gel stock solution 2.5 ml 2.5 ml /
Stacking gel stock solution / / 0.96 ml
HObigest 4.5 ml 3.75 ml 2.34 mi
TEMED 9 ul 11 6 ul
APS 45 pl 55 pl 20 pl
Total volume 10.054 ml 10.066 ml 4.026 ml

After the glass plates with the SIg8l were put into a MinProtean (BioRad, Munich, Geam
ny) inner chambethey were puthorizontally into an electrophoresis tankhich was filled
with running buffer.
Running buffer (10 x):  Tris 30.3¢ Glycine 144.1¢g
SDS 10 g HOhigest  ad 1l

2.7.7.2 Sample preparation for SDBAGE and electrophoresis conditions

Samples were mixed 4:1 with denaturing loading dye and incubated &E 96r 5 min. After
centrifugation at 13,000 rpm for 2 min inmainispin centrifuge (Eppendorf, Hamburg, Germ

ny), samples were applied in the molds of the gBIS

Loading dye: Glycerol 50% (v/v) Dithiothreitol (DTT) 100 mM
SDS 4% (wiv) Bromphenol blue  0.02% (w/v)
TrisHCI (pH 6.8) 150 mM EDTA 1mM
NacCl 30 mM H,Ohigest ad10 ml

The loading dye wasmed as aliquots of 1 ml aR0°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 byowétPac" 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, respectivalytil the dye front reached the end of the gel.
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2.7.7.3 Coomassie staining of proteghand estimation of molecular weight

After electrophoresis, the SBfgls were stained overnight with Coomassie Brilliant Blue R250

(Gerbu Biotechnik GmbH, Gaiberg, Germany) that bindsspexifically to proteins.

Staining solution (1 I): Coomassi@rilliant Blue R250 (10% solution) 4 ml

Methanol 041
Acetic acid 0.11
H:Obidest 051

The gel was discolored for a few hours with 20% acetic acid so separate blue protein bands
were visible. The protein bands were coanpd with the bands of a protein molecular weight
marker (#SM0431, #SM0661, #SM0671, Fermentas, StReprGermany) that was als@-a

plied on each SDg&el.

2.7.8 Transfer of proteins on nitrocellulose membranes (Western Bldowbin et
al. 1979)

Western immunolotting was accomplished in order to detect §tiag purified proteins with
pentaHis (His-) specific antibodies. After SIPAGEZ.7.7), proteins and a prestagd molec-

ular weight marker (# SM0671, Fermentas, St. ERohy Germany) were transferred on & n
trocellulose membrane bygemi -dry transfer electrophoresis. Therefore, the SD8 was
covered carefully with a nitrocellulose membrane and laid in between Bsheets of Wht
man-paper. The gel and membrane sandwich was laid between two sponges and arrested ho
izontally in a blotting cassette (TraB#ot SD cell, BioRad, Munich, Germany) and put into an
electrophoresis tank. The SBfSI on the side of the cathadand the nitrocellulose membrane

on the anode side, the tank was filled kalfl with transfer buffer.

Transfer buffer: Tris 125 mM Glycine 192 mM
Methanol (100%) 20% (v/v) HOhigest adll

The pH was adjusted to 8.6 and the bufétored at 4°C.
With a power supply (PowerPatBasic, BioRad, Munich, Germany), the proteins werestran
ferred on the membrane with 5 mA/chfca. 300 mA) for 90 min.
2.7.8.1 Immunodetection of six fold histidines

After blotting, the membrane was washed twice witlBS buffer (100 mM Tris, 0.9% (w/v)
NaCl, pH 7.5) for 10 min. In order to block unspecific bingit®g, the membrane was ine

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% (viv) Twea®, pH 75). The next day, the membrane was washed three
times with TBST for 5 to 10 min. Then, the membrane was incubated with the primary His
antibodies (dissolved 1:5,000 in TBST; polyclonal from rabbit, MoBiTec, Goéttingen, Germany)
for at least 1 h to overnighat 4°C. Afterwards, the membrane was washed three times with
TBST for 10 min each. The secondary-iaatibit IgG antibodies were supplied as a conjugate
with alkaline phosphatase (dissolved 1:10,000 in 5% milk powder solution, derived from goat,
Sigma, Minich, Germany) and incubated togetheith the membrane for 1 h at R3o that

they could bind to the primary antibodies. The membrane was washed again three times with
TBST for 10 min. Finally, the detection of thetAgged proteins was possible by theaction

of the alkaline phosphatase bound to them. The membrane was equilibrated against detection
buffer (100 mM TrigHCI, 100 mM NacCl, pH 9.5) for 3 min. In 10 ml of BCIPNBINg sal-

tion, the membrane was incubated without light until signals weisble as darbrown pre-

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

BCIP/NBBtaining solution:  NBTFsolution (75 mg/ml NBT in 70% DMF) 66 pl
BClIPsolution (50 mg/ml BCIP in 100% DMF)33 pl

Detection buffer ad10 ml

2.7.9 Lyophilization

In order to store enzyme fdonger periods (> 3 weeks) at@, the dialyzed solution was frozen
and subsequently dried overnight in a freedgying machine (Alpha-4 Loe1M, Martin Christ

GmbH, Osterode ardarz, Germany).

28 9yie&yS | aalea

2.8.1 Tributyrin (TBT) agar plate assay

E. coliclones 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 washomog
nized for 3 min with an ULTRA TURRIA8 basic homogenizer (IKA WORKS Inc., Wilmington,
NC, USA). The agar was autoclaved immediately and the plates were prepared as paon

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 ragkt at

37°C and a followig incubation of 13 days at 58C. Cosmid DNAas isolated from the paos

tive clones obtained in the initial screening, retransformecEincoli5 | ph" ' yR (GKS NBa
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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 tontamination. Subclones and transposon mutant clones

were also streaked onto EBBT agar plates and tested for hydrolytic activity.

2.8.2 Paranitrophenol (pNP) ester assay

PNP esters are substrates that release chromogeai@-nitrophenol (=4nitrophenol orpNP

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 pINP substrate in 0.1 M potass

um phosphate buffer (PB, pH 8.0) at assay temperatures between 5@5&] unless othre

wise indicated. Substrates with different acyl chain lengths were purchased at Sigma Aldrich
(Munich, Germany): butyrate { hexanoate (), octanoate (g}, decanoate (), dodecan-

ate (G,), myristate (), palmitate (G) andstearate (Gg). 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 ygdaranitrophenol at 405
nm in disp@able cuvettes (Sarstedt, NUmbrecht, Germany) with 1 cm thickness using-a spe
trophotometer (SmartSpét Plus Spectrophotometer, BIO RAD, Hercules, CA, USA)xThe e

tinction was measured against an enzyinee blank with the respectivpNP ester.

Inorder2 RSGSNX¥YAYS (GKS SEGAyOiGA2Yy O2STThpdd Sy i a

nitrophenol concentrations ranging from 0.05 mM to 2 mM in PB with a pH of 7.0 and 8.0. At
LI TonX | ylem'raR MmAZ il n yabn Tmwgs agsumabr alMaidvn p n

ing calculations.

2.8.2.1 PNPester assay with crude cell extracts of single clones

Of singleE. coliclones, crude cell extracts were prepared in PB pH 7.0 028 @) In Ecups,

20 to 40 pl of crude cell extract were mixed witlpldP substrate which was diluted to a final
concentration of 0.5to 1 mM i8.1M PB (pH 7.0 or 8.0). The total volume of 500 pl was-inc
bated atthe desired temperaturdor up to 20 min. In order to avoid falgmsitive clones, ak.
coliclone with an empty vector was tested in parallel. After incubation, the samples eeare
trifuged at 13,000 rpm and°Z for 5 min in a centrifuge 5804R (Eppendorf, Hamburg, &erm
ny). Theextinction of the supernatant was measured at 405 nm in one way cuvettes (1 cm
thickness,Sarstedt, Ninbrecht, Germany), if necessary diluted with-amd PB againstre

zyme free blank.

0
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2.8.2.2 PNP ester assay in a microtiter plate scale

In a microtiter plate sale, clones were grown in a 96 deepll 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 ha
vested by centrifugation (centrifuge 5804R, Eppendorf, Hamburg, Germany) and theaupern
tant was discarded. Cells were lysed during 1 h incubation at 37°C with 125 pL/ wedl-of lys
zyme (10 mg/ml) containing phosphate buffer pH 8.0. Cell debris was collected by a cantrifug
tion step (5,000 rpm, 20 min, 4°C; centrifuge 5804R, Eppendorf, Hamhkemrga®y). From the
deepwell plate, 10 pl of crude cell extract were transferred to a 96 well microtiter plate and
incubated with 190 uL of phosphate buffer (pH 8.0) that contained either 1R butyrate

or dodecanoate in order to screen enzymes that atéve on longor shortchain 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 (BenchmarkiRBih

Hercules, CA, USA) at 405 nmiageenzyme free blank.

2.8.2.3 Activity assays with purified enzymes usipiNP substrates

With purified and dialyzed enzymes it was possible to calculate specific activities based on the
LambertBeer law expressed in units. One unit is defined as the amoumzyee that ced-

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

Usually, up to 1 pug of enzyme was applied per reaction in order to get a clear resultnAfter i
cubation, the reaction was stopped by adding 0.2 M (fomdcentration) NgCQ. 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 ione-way cuvettes (Sarstedt, Mibrecht, Germany) with 1 cm
thickness using a spectrophotometer (SmartSfieRlus Spectrophotometer, BIO RAD, Herc

les, CA, USA) against an enzyinee blank.

28.23.1 Substrate specificity

In order to find out if the enzymes are a@ien short or longchain fatty acid esters, they were
incubated withpNP butyrate (G), hexanoate (£}, octanoate (g), decanoate (), dodecan-

ate (G,), myristate (&), palmitate (&) and stearate (fg). The substrates had a final conee
tration of 1mM and the incubation took place at the optimal temperatue8(2.3.3 deperd-

ing on the enzyme for exactly 10 min. The reaction was stopped witE@lathe sample
were centrifuged and subsequently measured against an enzyme free blank with the+tespe
tive substrate. Th@NRreaction that showed the highestdsvalue was the optimal substrate

for the enzyme.



Materials and methods 40

2.8.2.3.2 Temperature optimum

Temperature optima of the enzymes veedetermined withpNP 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. IrcEps, the enzymes were preincubated in PB (pH
8.0) at the given tempmtures 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 N&CQ. The highest fs 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 enzymwme sol
tions were stored at 4°C until their residuadtivity was measured witpbNP dodecanoate or
decanoate. Therefore, PB (0.1 M, pH 8.0) containing substrate solution (1 mM final cancentr
tion) was added to the enzyme solutions to final volumes of 500 ul. The reaction mixtures
were incubated at the optiml temperature of the enzyme for 20 min. The resulting&&lues

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

2.8.2.3.4 pHoptimum and-stability

The pH optimum was investigated by incubation of the enzymes in buffers at differerd-pH a
justments pH 55.6, citrate buffer (0.05 M); pH 5% PB (0.1 M); pH-8, TrisHCI (0.1 M); pH
9-10.6 glycine/NaOH (0.1 N)Enzyme activity was assayed ugdP octanoate or decanoate

as substrate for 5 min at the optimal temperature of each enzyhe 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 attivin the presence of metal ions, inhib
tors, detergents and solvents. After 1 h incubation with these substancBg dheir residual
activity was determined by usim@NP octanoate or dodecanoate as substrates and incubation
for 10 min at each enzyme”ptimal temperature. Extinction gbNP was measured in a ph
tometer at 405 nm against enzynieee blanks that also contained the respective additives.

The activities were compared with metainhibitor-, detergent and solvenifree controls.

As metal ionsC&", CS*, Cd', Fé*, M¢™*, Mn?*, RB" and Zi3* 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, TritehfOX 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, is
propanol, methanolDMF, 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 enzynmdP substrate concentrations
between 0.1 and 1 mM were tested by idmtion at the optimal reaction temperature of the
enzyme for 10 min. The three substrate concentrations where the best results could e mea
ured were used for further studies. In a total volume of 1.2 ml, 0.1 M PB (pH 8.pN\d&wlb-

strate were mixed angreincubated for 5 min at the optimal temperature of the enzyme. The
reaction started when 5 pl of enzyme solution (approximately 1 pg) was added to the reaction
mixture and the EEup was vortexed. Immediately after the enzyme was added as well as 1, 2,
4,6 and 10 min later, 200 ul samples were taken and stopped ir@pEontaining 50 ul of 1

M NaCQ. The samples were incubated on ice until centrifugation (13,000 rpm, 2°C, 2 min).
The reaction was measured at 405 nm against enziys® blank. With theEys values, it was
possible to calculate the specific activity (Units/mg of protein) as well,ask and kafter
LineweaveiBurk, EadidHofsteen or Hanes. The catalytic efficiency of an enzyme is expressed
as kalKm.

2.8.2.3.7 Activity on otherpNP andmethylumbelliferyl (MU) esters

LY FRRAGAZ2Y (2 @GKS phiRigsteradheStioned iD@2f3.1 hksubstyate 2 T K
range of the enzymes was also testgith the followingpNP esters in a final concentration of

0.5 mM in PB (0.M, pH 8.0): Zohenylpropanoatdgracemic mixture (rac)]3-phenylbutanoate

(rac), cyclohexanoate, -@-benzoylphenyl) propanoate =Ketoprofen), 2naphthoate, 1

naphthoate, adamantaoate and 2(4-isobutylphenyBN-(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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Table10. Chemically and pharmaceutically relevgaMP substrates used in this studyhepNP residue

is represented by R

‘\R1

)

ZT

2-phenylpropanoate (rac)

3-phenylbutanoate (rac)

cyclohexanoate

2-(3-benzoylphenyl) propanoate
(=ketoprofen)

2-naphthoate

1-naphthoate

adamantanoate

2-(4-isobutylphenyBN-(4-nitrophenol) po-
panamide (=ibuprofenmide)

In order to assayR)- or (9- selectivity of the enzymes, activity on chighlP and MU esters

was tested with §-/(R-2-methyldecanoic acid esterSf/rac-/(R-2,3-dihydro-1H-indene-1-

carboxylate ihdancarboxylicacid este), (9-/rac-ibuprofenester and §-/rac-/(R-naproxen

ester(Table11). Enzyme activity opNP esters (0.33 mM final concentratjern= 7,392 M crm

') was measured at 410 nm after incubation at 60 and 65°C, while activity on MU esters (0.03

mM final concentraibn) 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 appearariee of e

ther 1 umolpara-nitrophenol or methylumbelliferone per min.

Table11. Chiral substrates used in this study. The residliefRhe compounds can either beNP or
MU. The asterisk indicates the stereogenic center.

o :
m
NG, K% 0”0
pNP

MU

R = para-nitrophenol - R = methylumbelliferyl-

R"  2-methyldecanoic acid ester

r! 2,3dihydro-1Hindenel-carboxylate

(=indancarboxyliacid este)

0
\ &
o
7
O._, .
. R' ibuprofen ester
C
~o o

' naproxen ester

2.8.3 HPLGanalysis of LipS

HPLC (high performance liquid chromatography) analysis was carried out in cooperation with
the IBOC (Institute foBioorganic Chemistry, Heinridteine UniversityDusseldorf, Research
Center Julich, Germany) within theogp of Prof. Jorg Pietruszk&o determine enantiosete
tivity referring to thepNP ester and the phenyl ester, kinetic resolution has been carriethout
an analytical scale: 17.3@l of PB (0.1 M, pH.0) were mixed with Znl DMSO and 0.6@1l of a
substrate stock solution (@M in DMSO). 65fg freezedried LipSZ.7.9 were added and
the reaction was mixed at 60°C for 80n. The reaction was stopped by addingB2 M HCI
and uninterrupted extracting with-Bmes 20 ml of methytert-butyl ether followed. The do
vent was removed by reduced pressure. The exé@dbuprofen was converted to the car
sponding methyl ester by addition of a Wbdiazomethane solution in diethyl ether. Thel-so
vent was removed by reduced pressuiéeeewas determined by HPLC (Dionex) usingia ch
ral stationary phase: Chiralpak I®gicel), 99.8:0.2 ntheptane:isopropanol), 0.&l/min,
225nm, tg(9=10.23min, tg(R=11.17min. Theeeof the phenyl ester was determined using the
same conditions as the methyl estag(5=16.32min, tx(R=18.07min]. Because the enati
mers of thepNP ester could not be separated by chiral HPLCedveas determined by mesa
uring the g factor (dissymmetry factor) with achiral HPLC waiittular dichroism(CD detector
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(Salvadoriet al. 1991; Reetzt al. 2000; Hamziet al. 2011) Column: Hyperclon®©DS C18,
conditions: 90:10, CEN:HO, 0.5ml/min, 220nm, tr(ibuprofen)=2.7min,
tr(pNPester)=4.5min. Calculation of the enantioselectiviti) (value and the conversion (c)

was performed by the method dfaberet al. (Kroutil et al. 1997)

2.8.4 Titration assays

Tributyrin, triolein and polyglycerd-laurate were chosen as substrates to study activity on
triglycerides using a titrator (Titrando, Metrohm, Filderstadt, Germany) and thstatHmnet-

od. The substrate concentrations of the triglycerides ranfyech 5 to 50 mM and of polygty
erol-3-laurate from 0.5 to 7.5% (w/v) in 2 mM THECI buffer pH 7.0. In order to compensate
the pH of the solution that is decreasing during the hydrolysis reaction because of the-libera
ed free fattyacids, 20 mM KOH solati was added in order to keep the pH at 7.0. Thecrea
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 combl 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 umol of fatty acid per minute under the specified assay

conditions.

2.8.5 Propyl laurate esterification assay

The propyl laurate assay was applied witprbpanol and lauric acid as well agetradecanol

and myristic acid as substrates for LipS. Both reactants were incubated in equimolar conditions
(20 mmol) at 70°@gether 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 bed p
nolphthalein as pH indicator was added. Then, titration was carried out with 0.5 MyKQH

until the pH indicator changed its color. As a control, the acid values of a control witheut e
zyme were also tested. The acid values (AV) were calculatedsaadfor the determination of
propyl laurate/tetradecyl myristate units (PLU/MMU) per mg of enzyBguation 3-5). One

unit was defined as 1 pumol of propyl laurate or tetradecyl myristate formed per minute by the

enzyme under above mentioned assay condiion

| ABA] OA @A)

(M, molecular weight [g/mol]; N, molarity; V, volume [ml], W, weight [g])
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940SNIw=8FEFE MM TN 4

(AV t0, acid value after Oh; AV t1, acid value after 24 or 48 h; C, conversion)

|l AOEOEOU—S5FFC (5)

(M, molecular weight [mmol]; C, conversion; W, weighenzyme [mg]; t, time [min])

2.8.6 Enzymecatalyzed kinetic resolution of fouacetates 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 Universgrmany). Three racemic acetates, i. @hgnytl-
propyl acetate, Iphenyl2-butyl acetate and Pphenyl2-pentyl acetate, were synthesized from

the corresponding racemic alcoho{®Musidlowskaet al. 2001; Musidlowskd&ersson and
Bornscheuer 2002gxcept for 1-phenytl-ethylacetate, which was commercialgvailable
(Fehler! Ungiiltiger Eigenverweis auf Textmarkeror the kinetic resolution, 10 mM acetate
were added to a 1 ml solution containing 0.25 mg pure enzyme dissolved hPB, (pH 7)

and were mixed in a thermoshaker (Eppendorf, Hamburgm@ey) at 13,000 rpm and 70°C.
Samples of 100 ul were taken at different time intervals and extracted twice with (100-pl) d
chloromethane. The combined organic layers were dried over anhydrous sodium sulfate and
the organic solvent was removed in a nitrogstream. Theee of substrate and product were
determined by gas chromatography [GC, Shimadzd4¥Cgas chromatograph, column:gie
takis(2,60-methy}l3-O-pentyl}-beta-cyclodextrin (MacherNagel, Diren, Germany); carrier
gas: H; flame ionization detectorfs described earliefMusidlowskaet al. 2001) The reta-

tion times were as follows:-phenytl-propyl acetatetg(S= 5.7 mintg(R= 6.9 min; Iphenyt
1-propanoltyg(9= 11.8 min{x(R= 12.7 min; phenytl-ethyl acetatetrg(§= 3.9 mintxg(R= 5.3

min; 1-phenytl-ethanol tg(S§= 6.2 min,tgR= 6.8 min; Iphenyt2-butyl acetatety(9§= 17.5

min, tg(R= 19.3 min; Iphenyt2-butanol txg(S§= 21.9 mintxR)= 23.6 min; phenyl2-pentyl
acetatetg(9= 31.5 mintg(R= 31.9 min; Iphenyt2-pentanclty(S= 37.5 minix(R= 37.5 min
Enantioselectivity and conversion were calculated from éeeof substrate and producta

cording to Chert al. (Chenet al. 1982)

A) B) o 0 D)

L

B
o~ o~ Uy oL

Figure 4. Acetates of secondary alcohols for kinetic resolutioh. 1/4henytl-propyl acetate; B) -
phenytl-ethyl acetate; C)-phenyt2-butyl acetate; D1-phenyl2-pentyl acetate.
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Crystallization, resolution and analysis of the crystal structure of LipS were accomplished in the
Xray Crystallography laboratory of Dr. Jochen Mééckmann (EMBL Hamburg Outstation,
c/o DESY, Hamburg, Germany).

In order to follow different approadds, three constructs oflipSwere overexpressed(7.1) in
E. coliBL21(Fersiniet al.2012) LipSHis; was expressettom lipS:pEF21a(Table4) including
Gterminal Hig-tag, purified 2.7.3 and applied for crystallization experimengsdditionally,
lipSwas cloned into pETM11 in its full lenddmplification with the primerdipS:pETM11+26
for andlipS:pETM11 rey and lacking 26 f&rminal amino acidsamplification with the pr
merslipS:pETM1126 for andlipS:pETM11 re) As this vectoprovides an Nerminal Hig-tag
coding region and a TE)otease cleavage sit@able3), the Hig-tag can be removed byid
gestion from the overexpressed Li{@&l. Further details concerning any conditions aee d

scribed inFersiniet al.2012

LipS was crystallized and crystatkyghic data sets were collectd&ersiniet al. 2012;Chowet

al. 2012. The structure of Lip®/T in space group (SG)Was solved by molecular repkc

ment (MR) using the structure of the carboxylesterase Est30 f@eobacillus stearothe
mophilus (PDB cod 1TQH, 27% sequence identity) as a model. The search was carried out with
Molrep (Vagin and Teplyakov 199%Which identified 4 molecules per asymmetric unit (a.u.), as
expected from a Matthews parameter of 2(Blatthews 1968) Iterative cycles of manuaé-
building in COO{Emsleyet al.2010)with crystallographic refinement in Refmaf@urshudov

et al. 1997)converged at a final model at 1.99 A resolution of good quality. The last rounds of
refinement were done without noitrystallographic symmetry (NCS) restraints and with-ind

vidual, isotropic Bactors.

LipSHiss with Hig-tag at the Germinus crystallizé in SG P2,2 and diffracted Xay radiation
to 2.08 A 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 aligntnanalysis and visualization of protein

structures(DeLano 2002)

210 / f F aaAFAOFGA2Y 2F [ ALY FYyR [ ALl

The classification of LipS and LipT into one of the existing lipase/esterase families was acco
plished by Dr. Ulrich Krauss (IMET; Institute of Molecutayiie Technology, Heinrich Heine

UniversityDusseldorf, Research Center Jilich, Germany).
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Amino acid sequences of the eight major lipase/esterase famifigsigny and Jaeger 1999)
were obtained from the NCBI GenBank datab@3kowet al. 2012) Independat alignments

for all families were constructed usingcdffee (Notredameet al. 2000) All metagenome e+

rived lipase/esterase sequences were sorted into the eight families based on alignment scores
and visual inspection of the respective alignments. Sagas homologous to LipS and LipT
were retrieved from the NCBI GenBank datab&Xae to low sequence conservation between

the different lipase/esterase sequence families, alignmemése constructed independently
using ClustalW2 multiple alignment (http:/imw.ebi.ac.uk/Tools/msdclustalw2/) and were

subsequentlyisualized witithe softwareMega 5.1 (http://www.megasoftware.net/)

211 / 2Y LMzl F GA2y L E ylfeaaa

Nucleotide and amino acid sequences were analyzed and processed with programs and dat

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 (Bidrad Laboratories, Munich, Germany)

= =4 A4 A A

Staden Package containing Pregap and Gaipd:{lstaden.sourceforge.net/)

2.11.2 Databases

BRENDA Enzyme database (http://www.bremteymes.info/)

ClustalW2 multiple alignment (http://www.ebi.ac.uk/Tools/msa/clustalw2/)
IMG (integrated microbial genomes; https://img.jgi.doe.gov/bgi/er/main.cgi)
Needle EMBOSS pairwise alignment (http://www.ebi.ac.uk/Tools/psa/)

= =4 4 -4 -

NCBI Database (http://www.ncbi.nlm.nih.gov/)
0 BLAST Alignment tools (http://blast.ncbi.nlm.nih.gov/Blast.cgi)
o0 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/)

= = 4 -2

UniProt (Swis®rot and TrEMBL, http://www.uniprot.org/)
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AONBSYAYy3a F2N) Oft2ySa gAGK fALRE&
The two enrichment cultures described in this section were analyzed and used for rthe co
struction of metagenmic libraries within the Diploméghesis of Jennifer ChogChow 2008)
The results are summarized briefly below together with the lipolytic clones that were found by

screening the librarie@Chow 2008)

3.1.1 Enrichment of soil and water samples on MS3Jpplemented with olive oil

and pyruvate

Soil and water samples were taken from ten different sites at the Botanical Garden in Klein
Flottbek (Hamburg, Germany3°33°44.56"'N, 9°51°40.11 E&how 2008) Six sites differed
concerning the quality of the dpithe 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 MSM2.5.]) 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 incubatoen, g
nomic DNA was isolated from the enrichment cult(2¢5.1) and served as a template for PCR
with primers that bind specifically to the 16S rRNA genes of bacteria or ar¢fabeie 5,
2.6.10. In this way, lhe microbial community was characterized on a phylogenetic level by
amplification of 16S rRNA genedth the primers 616V/1492R for bacteria and Arch20f/927R
for archaea No PCR product could be received by using the archpeeific 16S rRNA gene
primers. The PCR products obtained with the bacterial 16S rRNA primers were cloned into
pDrivecloning vecto (QIAGENZ.6.8.3.) and sequenced2.6.11.) with the primers M13 for

and rev(Table5). The 20 sequences were processed (G&p#].]) and analyzed by compiar

son with 16S rRNA gene sequences deposited in the NCBI database using BLAST (
Altschul and Koonin 1998; Chow 2008) of the sequences originated from membersFat
micutes The majority, i. e. 16 of the 16S rRNA genes that were amplified, could be assigned to
Symbiobacterium thermophilustrain IAM 14863 (NCBI acc. no. NC_006177, max. identity 95
99%, Bvalues 0.0seeFigure5). Two sequences were highly similar t&aobacillugleblis 16S

rRNA gene (NCBI acc. iR_029016.1max. identity 9397%, Evalue 0.0), one to a 16S rRNA
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gene from an uncultivated compost member@iostridia(NCBI acc. no. FN667168, maxnide
tity 92%, Evalue 0.0) and one sequence was assigned to an unedittrember ofEnteroba-

teriaceage(NCBI acc. naJF733455.1, max. identity 92%yd&ue 0.0).

5% 5%

m Symbiobacterium thermophilum
m  Geobacillus debilis

B Uncultured compost bacteria (Clostridia)

[ | Uncultured Enterobacteriaceae bacteria

Figure5. 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 ofThermussp.

Another enrichment culture was prepared with water samdlesn a heating water system of
the Biocenter Klein Flottbek (Hamburg, Germany). The enrichment was incubated at 75°C on
Thermusmedium (medium D2.5.1.2 2.4.3 Chow 2008under moderate aeration. After three

weeks of incubation, cells were harvested and genomic DNA was is@@a6et).

Amplification of bacterial and archaeal 16S rRNA genes was carried out with the primer pairs
616V/1492R and Arch20f/927Fable5). 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 sequencé?6.8.3.1 2.6.11.). Five sequences were processed

and aligned with nucleotidesequences deposited in the NCBI database via B&&e3¢h

(2.11.2 Altschul and Koonin 1998; Chow 2Q0®vith high similarities, all sequences could be
assigned to &hermus scotoductus6S rRNA gene (NCBI acc. no. EU330195.1, max. identity
97%, Evalue 0.0).

32 / 2yaiGNHzOGA2Y 2F YSUOIF3ISy2YAO f Ao N

The extracted DNA of both enrichment cultures was subsequesid for the construction of
two large insert metagenomic libraries by using the vector SuperCog& aocdliEpil00 as he
erologous hos(2.6.9.4 2.2). The library of the MSMnrichment consisted of 6,500 clones. 87
cosmids were analyzed after digestion wlanmHI (2.6.8.1.2 and the insert rate was 96%
(Chow 2008) The library of thelfhermusenrichment 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 Ssteal. (Seedet al. 1982, the genome
coverage of both libraries was calculated. Considering a mean genome size of 4 Mb for the
MSM-enrichment Symbiobacterium thermophilun8.57 Mb,Geobacillusp. approx. 3.6 mb,
Enterobacteriaceadacterium approx. 4.70 MbClostridiabacterium approx. 4.00 Mb), the
library with a total of 38.38 Mb covers all four different genomes with 9% 886ability (Chow

2008) The Thermusdibrary is large enough to coverd® Mb and hence the genome @ha-

mus scotoductu§2.35 Mb) with a probability of 99.9%, when assumed that it is the onlyreccu

ring species in the metagenomic library.

33 {ONBSYAYy3 FT2NJ Ot 2yS8a 6AGK fALRE 2

Screening of both libraries on TBT agaates (2.8.1) only resulted in the identification of
weekly positive clones that could not be verified. With the microtiter plate ag2a8:2.2 per-
formed between 50 and 75°C anehitrophenol PNP) dodecanoate as substrate, four clones
of the Thermusenrichment library and six clones of the MS&¥richment library showed ver
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 designa
ed pCos6B1 arnithe other clone from the soil and water samples enrichment library was called
pCos9D12.

34 {ONBSyAy3a 2F 20GKSNJ YSGIF3ISy2YAO0 A

Six other metagenomic libraries constructed within the working group were also screened for
clones with lipolytic activity. Most of the esteraser lipasepositive clones were identified by
using the TBT ass#%.8.1) as they showed clear halos surrounding the colonies on the turbid
agar plate. The activity of some other clones was detected by pdiRgesters of different-C

chain lengthg2.8.2.9. Table 12jives an overview of the screening results.
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Tablel12. Lipolytic clones from different metagenomes.
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As far as possible, the clones wesaltcloned into the vector pTZ19Rmf (2.6.9.5 or
sequenced by 45%r llluminasequencing2.6.1]). Putative ORFs were search@loneMan-
ager, 2.11.7 and genegncodingh/i -hydrolases, esterasaw lipases were found by a BLAST
comparison(2.11.2 Altschul and Koonin 1998) sequences deposited in the NCBI database.
The most promising genes with high damty to putative esterases or lipases were amplified
with specific primergappendiy and cloned into pE21a for protein expression i&. coliBL21
(DE3) with subsequent Hiag purification (2.6.9 2.7.3. Some of the purified enzymes,
however, did not show verifiable lipolytic activity whersted onpNP substrates or TBT agar
plates éee3.5.3.

35 /f2yAy3 YR KSGSNRf232dza SELINBaaA

3.5.1 Subcloning ofipSand in vitro transposon mutagenesis dipT

The cosmids were isolated from the lipolytic clones pCos6B1 and pCo&@B.2Pand cut in a
preparative digestiorf2.6.8.1.2. The insert of pCos6B1 was cut into 5 fragments (9.0, 8.0, 4.0,
3.5 and 2.5 kb) witliecdr| that altogether had a size of 27 kb. The 26.5 kb insert of pCos9D12
was cutinto 6 fragments withSad¢ (9.0, 8.0, 4.2, 2.3, 1.7, 1.3 kb). These DNA fragments were
subcloned by ligation into pTZ19R:C.6.9.5. The plasmids were transformed inf coli

DH3 (2.6.9.) and the resulting subclones were tedtdor lipolytic activity on LBBT agar
plates(2.8.1). One subclone of pCos6B1 designated AF7 showed activity on TBT after incub
tion at 37°C overnight and at 56%for one day. Subsequently, a transposon mutagenesis was
carried out with the isolated plasmid DNA of AR27.9.6. Transposon mutant clones were
selected on LRgar plates supplemented with kanamy¢h4.4) and streaked out on TBT agar
plates.In case the transposon inserted into the gene conferring lipolytic activiey 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 i
sert of this clone was partially sequenced by using transpegeaific primers(2.3, 2.6.11.).

The sequences were analyz@11) and revealed ampen reading framgORF) that was de
ignatedlipT. The subclones of pCos9D12 did sbow lipolytic activity on TB3o that the n-

serts of the pTZ19Rn€ subclones had to be sequenced with vector specific primers
(2.6.10.1. One sequence contained a part of a gene sequence that was desidipegeds it

was cut by the restriction endonuclease during subcloning, the ORF was completed by s

guencing with gene spific primers using the cosmid clone as template.
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3.5.2 Cloning oflipSandlipTinto expression vectors

The genes upstream and downstream of the putative hydrolases were analyzed by a NCBI
BLASTXearch(2.11.2.

Figure6 illustrates the genedéipSand 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.

pCosoD12 C—
pcossb1 ra—

1kb

Figure6. The genedipSand lipT with their surrounding genes on the insert thfe respective cosmids
pCos9D12and pCos6BIpCos9D12hyp, hypothetical protein, similarity t&ymbiobacterium thermoph

lum IAM14863 (GenBank acc. no. YP_075873, max. identity 98&t,d=0.0);reg, two-component e-
sponse regulator variant, similarity t8ymbiobacterium thermophilufAM14863 (GenBank acc. no.
YP_075875, max. identity 99%y&lue 1é81). pCos6Blcbs CBS (stathioninei synthase) domain
containing protein, similarity tdhermussp. CCB_US3_UF1 (GenBank acc. no. AEV15940.1, max. identity
93%, Evalue 2é65); hyp, hypothetical protein, similarity tahermus scotoductuSAO1 (GenBank acc.

no. YP_004201973.1,ax. identity 87%, Ealue4e™).

The genes were amplified with specific primés.10.) that containedNdd restriction sites

in the forward primers andHindll sites in the reverse primers for directional cloning into the
expression vector pEZla. After PCR, the products were purified with a PCR -clpakit
(2.6.10.94 and ligated intopDrive(2.6.8.3.1. The plasmids were transformed ini colDHZ
(2.6.9.) and selected on LB agar plates containing ampicillin, IPTG &adl (.4.4. White
colonies that were supposed to carry the genes were grown in 5 ml LB medium supplemented
with ampicillin. The plasmids were isolatél6.3, digested withNdd andHindll (2.6.8.1.3,
the resulting fragments gedxtracted(2.6.7), ligated into peT21a(2.6.8.3.3 and transformed
into E. coliBL21 (DE3R.6.9.1). TheE. colicells containing pEZ1a and the respective genes
were selected on LB agar plates with ampicillive plasmids were isolate(®.6.2) and their
inserts were verified by direct colony PCR with gene specific pri(Beé8<0.3. Additionally,

the inserts were sequencd@.6.11.1.
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3.5.3 Cloning of esterase genes from active cosmid clones belonging to the
Thermococcalesonsortiumlibrary and expression and activity of the

respective enzymes

TheThermococcalelbrary was constructed, analyzed and screened for lipolytic activity in the
Diploma thesis of Thomas Mei@vleier 2009)

In 2960 to 3060 m depth, samples werékea from low temperature diffuse emissions of a
hydrothermal vent in the Logatchev Hydrothermal Field @Atthntic Ridge;mnc np Qb X
nncpy Q2 0 dusédkaSidocum® fiSa thermophilic enrichment culture that was grown
anaerobically at 70°C and 200 rmm MJImedium (Sakoet al. 1996)and consisted predoim

nantly of species belonging fthermococcalefMeier 2009) DNA was isolated from thene
richment culture and a largimsert metagenomic library was constructed that comprised 8,500
cosmid clonegMeier 2009). Screening on TBT agar plates did not result in reproducibly active
clones (Meier 2009) In a microtiter plate screening witpNP 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 enzymfree negative control when tested on long and shotth@an 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 e
tirely by 454 sequencin(?.6.11.2 appendix) Subsequently, all sequences were analyzed by a
BLAST search (BLASZX1.2 in comparison vih sequences deposited at the NCBI database.
Four of eight clones (70/F8, 71/G8, 73/E12 and 61/B6) contained genes with high similarities
(Evalues 6&°to 13, max. identities 69 to 98%) to four different metallophosphoesterase
genes ofThermococcusrmurineusNAL (GenBank acc. no. ACJ16475.1 ABKH 74001 )land
Thermococcusp. 4557 (GenBank acc. no. AEK72907.1 and AEK72511.1). One clone (79/C1)
showed similarity to a lysophospholipagene fromThermococcusp. AM4 (GenBank acc. no.
EEB74685.1,#lue 56™° max. identity 88%). For three clones (62/E8, 69/D4 and 74/C11), no
significant homologies to a hydrolaseding gene could be found. As far as an intact ORF with
similarity to an esterase or lipase gene was maintained, the gene sequ@pumsndx) were
amplified by PCRR.6.10.9 and cloned into pEZla for overexpression ik. coliBL21 (DES3;
2.6.8.3 2.7.1). The proteins were purified by #n chromatography2.7.3 and the sizes of

the protein bands compared to their estimated molecular weight after-BBRSH2.7.7, 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-recomb
nant protein when carried out at 17°C and 200 rpm after inductiach WimM IPTG2.7.1).
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The enzymes were tested for activityNPtests(2.8.2.7 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, Est72(GBst73/E12 and Est79/C1
that were overexpressed ifi. colBL21 (DE3jata not shown). The results of the investigations

aresummarized inmablel3.

Table 13. Putative positive clones from th&hermococcusbrary with their corresponding subclones
and putative genes.

Cosmid Insert Investigation type Subclone (insert Gene (kb) in  Activity

clone (kb) kb) in pETF21a
pTZ19R::Ch
61/B6 24.5  Subcloning Est61B6 (3.5) / low, pNPC; at 70-
(EcRl) 100°C
62/E8 36 Subcloning Est62E8 (4.3) / low, pNPG, at 56°C
(BanHl)
69/D4 18 Subcloning Est69D4 (5.0) / low, pNPC; at 70-
(Hind11) 100°C
70/F8 19 Subcloning Est70F8 (2.4) / low, pNPGC, at 56°C
(Hindll)
71/G8 >15 454 sequencing [/ est71G8_1 no activity
(1.5);
est71G8_2
(0.6)
73/E12 >15 454 sequencing  / est73E12 no activity
(0.5)
74/C11 40 Subcloning Est74C11 (3.5) / low, pNPC; at 70-
(HindlI) 100°C
79/C1 22.4 454 sequencing  / est79C10.8) 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

ver9f 6 S aSRAYSYy(d fAONINE aDf NO{aidl RGE
¢KS aDfNOlTadlRGE EAONINE gl ad O2yailiNHzOGSR gAl
(Bohnke 2010with DNA that was isolated directly from marshland and sediment samples

collected from the river Elbe estuary near GlichksRiT o6noc nc WncBbhaker b > dc
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2010. 5,000 fosmid clones were screened for esterase activity efiBIBagar plate@.8.2.2
Bohnke 201Q)For four out of five fosmid clongdable 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 Refagibacteriunhalo-
tolerans B2 (GenBank acc. ndEQ51793.1Fvalue 9€¢%°, max. identity 46%) in a BLASTX
search(2.11.2 appendix) The putative gene sequence was amplified BRRvith specific pr

mers (appendix) anccloned into pER1a(2.6.8.3.3. For optimal expression i&. coliBL21
(DE3), the culture was incubated at 28°C after itidmcwith 0.5 mM IPT@&.7.1). The respe-

tive protein Estl43/F5 was purified by-Mn affinity chromatography2.7.3 and dialyzed
(2.7.5. The protein concentration was determined using the Bradford protein a@ays and

its estimated size of 37.3 kDa was checked by-FSAEH?2.7.7, data not shown) After initial
gualitative activity tests opNP 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 4%2@.2.]0. As the enzyme
Est143/F5 only showed relatively low activity, was not active above 45°C and probably worked

better on shortchained fatty acid esterd,was not further investigated.

3.5.5 Analyss of the cosmid pG@s5E5 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 st(@ghmeiser et al. 2003;
Schmeisser 2004pix oubf 1,600E. coliclones showed lipolytic activity when screened on LB
TBT agar platgSchmeisser 2004The insert of one pdtive cosmid clone designated p§5ES
(=BiollI5/E5) had a size of approx. 36.58 kb and was sequenced by 454 pyrosequencing
(2.6.11.2 appendix) A BLAS&nalysigBLASTX.11.9 of the protein coding ORFs against s
guences in the NCBI database revealed three putative genes that could be responsilyle for h

drolytic activity(Table14).

Tablel14. Three different putative esterase ORFs located on the insert of pCos5ES5.

Putative ORF Start on contig End on contig Length (bp)
estl (=est5EH 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 designatexstl and the complementary locatedst2 were similar to an
esterase ofAcidovorax radicidl35 (GenBank acc. no. ZP_0894919®dth E-values 0.0, max.
identities 83%). The third putative gemst3possessed high similarity to an annotated GDSL
family lipolytic protein fromAcidovorax ebreu§PSY (GenBank acc. i&_002554716,
value 8€"°, max. identity79%)

pCoSSES BT esists > —

1kb

Figure7. The geneest5E5(=estl) with its surrounding genes on the insert of the cosmid pCospés.
D-alanytD-alanine carboxypeptidasef@lanytD-alanineendopeptidase, similarity técidovoraxsp. NG
1 (GenBank acc. no. ZP_09327366ax. identity 82%,-iZalue 0.0)1rp, transposase, similarity tAstic-
cacaulis excentricu€B 48 (GenBank acc. no. YP_004087758.1, max. identity #286eED.0);est3
GDSL family lipolytic protein, similarity Azidovorax ebreusPSY (GenBank acc. A&CM34716.1, max.
identity 79%, Bvalue 8é16). The genest2is complementary t@est5ES

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 consideredbning.

The three putative esterase genes were amplified with the prinestd for/rev (2.6.1Q Table

5), est2 for/rev and est3for/rev (appendix)that containedNdd and Hindll restriction sites
within their sequences. The PCR products were ligated into p[2i6e3.3.1 and subsequen

ly, the gene sequences were clonéi6.8.3.3 into pEF21a (Table3). The constructs were
transformed intoE. coliBL21 (DE32.6.9.] and for optimal expression of the genes, thd-cu
tures were grown at 28°C and induced by the addition of 0.5 mM (PTQ). The respective
enzymes were purified bymmobilized metal ion affinity chromatographi.7.3, dialyzed
(2.7.95 and the protein concentrations were determined using Bradford ag2a§6. Initial
activity tests were performed with 1 mMdNP decanoate in PB (pH 8.0) at 45°C for 15 min
(2.8.2.]. Est2 did not show significant activity in contrast to Estl and @EstRire8). As the
activity of Estl (1.54 U/mg) was almost three times as high as the activity of Est3 (0.54 U/mg,
seeFigure8), only Estl was furtheyn investigated and designated Est5ES.
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Figure8. Specific activity of Est5E5 (=Estl), Est2 and Est3 derived from the cosmid pCos5E5 and tested
on 1 mMpNP decanoate at5°C.
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Biochemical characterization was focused on these three enzymes, because they showed the
highest activity at elevated temperaturgs50°Cland were sufficiently expressed Hg. coli

compared to the other estases and lipases examined in this study.

3.6.1 Sequence analysis @st5ED5, lipTandlipS

The genesest5ES lipTand lipSwere sequenced2.6.11.) and the resulting sequences @
cessed (Gap£.11.]). Furthermore, they weranalyzed by using Clone Manag2rl1.1) and
the estimated protein size was calculatetihe nucleotide sequences were compared with
sequences deposited in the NCBI database with BLESTX?2 Altschul and Koonin 19%8

Tablel5 provides information about these results.

Table15. Gene sizes and molecular weights of the respective proteins encodedtbi5 lipT and lipS

with the closestelative according to a BLAS3earch.

ORF est5ES lipT lipS
Size of gene (bpf 1,386 990 843
native protein 461/48.4 329/35.8 280/30.2

(aa/kDa)

Metagenomic origin

Annotation as
(GenBank acc. no.)

Expect B-value

% Identity (no. of
identical aa/total aa
considered)

Biofilm on fresh water
pipeline

Conserved hypothetical
protein (ZP_04764880)
of Acidovorax radicis
N35

0.0

84 (359/432)

Thermusenrichment
culture

Putative esterase
(YP_004201971.1) of
Thermus scotoductuSA
01

0.0

96(317/329)

Enrichment of soil anc
water samples

Esterase (YP_075874
of Symbiobacterium
thermophilum
IAM14863

0.0

100 (280/280)
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Both lipT and lipSshowed high identities to genes annotated as putative esterase genes from
the thermophilic bacteriaThermus scotoductugGraninegative, optimal growth at 70°C;
Tenreiroet al. 1995) and Symbiobacterium thermophilurffGrampositive, optimal growth at
60°C;Ohnoet al. 2000) The esterase genest5SE5showed highest similarity to an annotated
conserved hypothetical protein oAcidovorax radicifN35, a Grammegative wheatroot-

colonizingbacterium with an optimal growth temperature around 3Q1@et al.2011)

3.6.2 Analyses of the amino acids sequences of ESt5ES5, LipS and LipT

Sequence analyses with SignalP. @idp://www.cbs.dtu.dk/services/SignalP/Nielsenet 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-thenihi of the enzymes

which are necessary faecretion. For ESt5E5 and LipS, no significant signs for a secrgtion si
nal could be observed as thesCores (cleavage site score) are low with a value of approx. 0.1.
This means that the amino acids at thetddmini are part of the mature protein. OnlyipT
presumably contains a secretion signal sequence with a possible cleavage site between Ala2l

and Val22, as the-§&core reaches a comparably high value of 0.366.

The amino acid sequences of the three enzymes were compared with four to six sequences
shaing high similarities with them according to a BLAS&a¢ch(2.11.2 Altschul and Koonin
1998. The sequences were aligned with ClustalW algorithm using the geftB@edit
(2.11.9). Multiple alignments were then visualized with Espript softw@B®uetet al. 1999)
Gonserved regions within LipS, LipT, ESt5E5 and theimadighpartners are marked in black in
Figure9 to Figurell. A catalytic triad common in all hydrolases was found for the thnee e
zymes. It is composed of a serine, an aspartate and a histidine residue. In all cases, the nucle
philic serine is embedded in aXs5X-G motif that occurs in carboxylesterases and lipases. In
LipS, the catalytic serine is embedded in-&&M-G motif (aa 12-128, Figure9), while LipT
contains a @GSA-G motif (aa 157161, FigurelQ). The catalytic serine of ESt5ES5 is embedded

in a GY-SQ-G pentapeptide (aa 22225, Figurell). 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: Aspl170, 186 or 242 and His293; Est5E5: Asp239, 292,
335, 362, 380395, 408, 410, 426 and His251, 388, 440 or 449).

Interestingly, LipS only shared relatively low sequence homologies with the five next similar
h/i hydrolases and carboxylesterases fr&hodopseudomonas palustiis<l (Evalue 9e77,

max. identity 49%)Rhodopseudomonas palust@X>A009Evalue 1e77, max. identity 49%),
Bacillussp. 2_A 57 CT&value 2e74, max. identity 52%Bacillussp. NRRL-B4911(Evalue
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le-74, max. identity 54%) an@eobacillus thermodenitrificaresterase EstGti&value 3e76,

max. identity 51%digure9).

LipT showed high sequence similarities to esterases from other members of the Teaus
mussp. The highest similaigs were observed fofhermus scotodutctuSAO1 Evalue 0.0,
max. identity 96%)Thermus aquaticu§51MC23Evalue 0.0, max. identity 88%hermussp.
CCB_US3_UF1CEBralue 0.0, max. identity 85%) afdhermus thermophilusiB27(Evalue
0.0, max. idetity 84%,Figurel0). The largest parts of the sequences seem to be highiy co

served.

Concerning Est5E5, amino acid sequence homologies were fouoartoxyksterases from
Acidovorax delafieldi2AN Evalue 00, max. identity 79%)Acidovorax radicidN35 (Evalue
0.0, max. identity 83%pAcidovoraxsp. NG1 (Evalue 0.0, max. identity 84%) aRhmlibacter
tataouinensisTTB31(QEvalue 0.0, max. identity 68%jgurell). Especially the #&rminus of

Est5ES differs from the other putative esterases.
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Figure9. Amino acid alignment of LipS against similar sequeriédg, Symbiobacterium thermophilum

IAM 14863 esterase (BAD41030.1); -DXRhodopseudomonas palustri®Xxl acylglycesl lipase
(ADU46368.1); CGAOORhodopseudomonas palustXSA009 putative carboxylesterase (CAE30086.1);
2_A 57_CT3Bacillussp. 2_A_57_CT2 estse (EFV74766.1); NRBRcillussp. NRRL-B4911 esterase
(EAR67363.1); EstGtAGgeobacillus thermodenitrificanssterase EstGtA (AEN92268.1). Positions of
helices and sheets as well as the catalytic triad are knowegcause the crystal structure of LipS was
solved(3.7). The stars indicate the catalytic serine, aspartate and histidine residues. Strictly conserved
residues aréighlighted with black boxes. Numbering refers to the amino acidspS.
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Figure 10. Amino acid alignment of LipT with ®A, Thermus scotodutctuSAOL1 putative esterase
(ADW21422.1) Y51MC23,Thermus aquaticus¥51MC23 putative esterase (EED09760.1); US3_UF1,
Thermussp. CCB_US3_UF1CCB US3 UF1 hypothetical protein TCCBUS3UF1_ 8960 (AEV15941.1); HB27,
Thermus thermophilugiB27 putative esterase (AAS81248.1). The star points out the catalytic serine.
Strictly conseved residues are highlighted with black boxBsimbering refers to the amino acids of

LipT.



Results 63

1 10 20 30 10 50 70
EstSE5 MVARAQVRARCCVTIRRHSPHRERIATMKYFRLTCIAAVAALLARACEYSDDAGEEDHE AR
. MTYFRLSCIAAAAVLLVACHEESDGE QiYer)s B AEN
W35 e e e e e e e e e MEYFRLTCVAAAARVILLVAC[ESDD P DA : AEN
NO-1 e e e et e e MLVACHESDDPDEYHEAVIDE A EN
g B I MPQRHRLTALAAAVILAACGEEGED DNEEEMR S DElQT LAkPRTE A

110 120

Est5E5 i A SGVEILVPAG

2AN RWNA SGVISILVPAG

N35 N A S GVIILVPAG AYAKGTDVQ

NO-1 RN A SGVILILVPAG AYAKGTDVQ

TTB310 WANASGVMLVPAG AYAKGTDVO
150 160 170 180 190 200

1o L K R T LANPRIDEE TF LLAAMY AJQGYAVVATD YL GiRK S[EY[EMHP Y LHAD SE AREIVED SR AR R AlE

22N IZE|T LANPRDHE TFLLAAMY AR\ QG YAVVATDYLGRAKSEYRY{HP Y LHAD SEAMIVEID SKYRAAREY:

N35 1T LANPRDRIE TFLLAAMY ARG YAVVATD YL GAKS[yEE P Y LHAD SEALVED S\YR A ARRE

NO-1 BT LANEMDEETFLLAAMYARNOGYAVVATDYLG AKSYHPYLHADSERVDSRAAR

hd=k M BT LANPEID[EE TFLLAAMYARNOGYAVVATDYLGHMAK SMY[83HP ¥ LHAD SEAERVIID SPR A AR

Est5E5 RANMEIER T LEplehd:Tele]e].|
2AN L SGLA I TCY SQGIGH
N35 NILSGESYANTGY SQG|ISH
NO-1 N L SGRAIITGYSQGGH
TTB310 AL S GIAMANTIGY SOGIGH
—

290 300 310
EstSES  AlRAR{e D VERRIFEEAP YERN{I EWL LPEP TERY T T LT

NIES
2AN BWOKVY GRAIYEID VISR AP YR T ES I L. PP TRENY T T LAY T
W35 EAWQ KVY Gy YD VidelY KRPYQGYIETLLP P Ty TTLAT

HO-1 FAW O K VY GloRY YD VidelY KAPY&GYIENLLP P TSN Y TT LAYT
o u= KRRV 1 O K VY GREA YYD Vid[e)lF)e|P YEERAT ERI L L PEIP TpAusY T T LT

350 360 270 380 390 400 419
EstBES TNVIDPLYLAAQKNDLLGW PRRNT. L ClaGEeD P TVP P ANHQEAVILEAAD FEVEAR GG VR S VD VD [el=d O A F
2AN eI LI A ASIND LLGWEIPESIRMLL C[EGEYED P TVE P ANMH QI VESAAD F sl R RN VENS VD VD
N35 TSTﬁEPLILARKKHDLLGW PEEARMLLC[HGENED P TVEF AMHQIAV|GbAAD F SR GIRNN VEAS VD VD EWI0 B UGEF
NO-1 pAENEIIE L gAA ALSAND LLGWRIPEEAREL L CleGEXED P TVE P AGH QW VILKAAD F ] RGLTNVTSVDVDAA&QATF
Py =N VI U] R E LG A AIIAND L LG WP EEVRIL L CENGEWID P TVE F AMH QM VEYSAD FEASIR GIN VIS VD VD 3

420 430 440 450 460

Est5E5 YHGTYEPPFCHAQARENIF LIERIS
2aN YHGTY[JPPFCHAQARLRIF LRSI
N35 YHGTYRPPFCHAQARLYF LISN
NO-1 YHGTYPPFCHJ\QJ\RF .
TTB310 YHGTY\YP P FCHAQARMRYF olissB

Figurell. Amino acid alignment of Est5E5 with similar sequerica® 2AN,Acidovorax delafieldRAN
conserved hypothetical protein (ZP_04764880); N8&dovorax radicidl35 esterase (ZP_08949193.1);
NO-1, Acidovoraxsp. NOL esterase (ZP_09327365.1); TTBR&mMIibacter tataouinensisTB310 este
ase (YP_004620806.1). The star points out the catadgrine. Strictly conserved residues are higldigh
ed with black boxes. Numbering refers to the amino acids of ESt5E5.
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3.6.3 Classification of LipS, LipT and ESt5E5S into lipase/esterase families

With the amino acid sequences of LipS, LipT and ESt5ES5, independent alignments were made
for all of the major lipase/esterase familie¥lll using the program-Coffee (for LipS and LipT,

U. KraussResearch Center Jilich, Germa2yl1.1) and ClustalW (for EStS5ES, BioEditl1.]).

Neither LipS nor LipT could be groupetbiany of the existing families due to a lack ef s
quence homologies. Est5E5 showed slight similarity to members of family 1.3, but according to
a search with Signal2.11.2, the enzyme does not contain the essentigk@ninal secretion

signal that mediates translocation of family 1.3°s members into extracellular gplecesmann

and Jaeger 2010pubsequently, sequences with similarity to LipS, LipT and Est5ESoned

by a BLAST3earch(3.6.2 and aligned with each other using Clusta(BioEdit 2.11.1) in or-

der to illustrate the LipS, LipT and ESt5E5 groups of esterases and (figsiesl?2).

91 Bacillussp. 2 A 57 CT2 esterase (EFV74766.1)
100 Bacillus sp. NRRL B-14911 esterase (EAR67363.1)

Geobacillus thermodenitrificans esterase EstGtA (AEN92268.1)

| Lips
100 | Symbiobacterium thermophilum 1AM 14863 esterase (BAD41030.1)

— Rhodopseudomonas palustris DX-1 acylglycerol lipase (ADU46368.1)
100 L—

Rhodopseudomonas palustris CGAO09 putative carboxylesterase (CAE30086.1)

98 LipT
{ Thermus scotodutctus SA-01 putative esterase (ADW21422.1)

Thermus sp. CCB_US3_UF1CCB US3 UF1 hyp. protein (AEV15941.1)

Thermus aquaticus Y51MC23 putative esterase (EED09760.1)
929 Thermus thermophilus HB27 putative esterase (AAS81248.1)

Acidovorax radicis N35 esterase (ZP_08949193.1)

43
65 ﬂvomxap. NO-1 esterase (ZP_09327365.1)

Est5ES
Acidovorax delafieldii 2AN hyp. protein (ZP_04764880)
Ramlibacter tataouinensis TTB310 esterase (YP_004620806.1)

Figure12. The amino acids of the three enzymes LipS, LipT and Est5E5 were aligned with similar s
quences found by a BLASSearch(Altschul and Koonin 1998y performing a ClustalW alignme(ti-

oedit, 2.11.0). The trees based on the protein sequences were constructed with the Maximum
Likelyhood method using Meg48.11.7). Bootstrap values are shown at the branches and the scale bars
indicate the number of substitutions per amino acid.
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3.6.4 Overexpression and purification of ESt5ES5, LipT and LipS

The genesestbb, lipSand lipT were cloned and overexpressed in order to characterize the
activity of the corresponding enzym¢2.6.8.3.3 2.6.9.1 2.7.1). Overnight cultures oE. coli
BL21 (DE3) strains containihgS:pET21a, lipT::pEF21a orestSESpET21a were grown at
37°C and 200 rpm. In order to find the optimal expression condifionltures of 250 ml were
inoculated with 1% of the overnight culture aivtubated at 17, 22, 28 and 3Z for 4 to 9
hours until an optical cell density of @p0.6 to 0.8 was reache(®2.5.5. Protein expression
was induced by supplementation of 0.5 mM IPTG to the culture. After 16 houf3)(Brhours

(22 and 28C) and 4 hours (32) of further incubation, the cells were harvesi@db.6 and the
pellets stored at-20°C before cell extracts were prepared Bsench press and subsequent
ultrasonication(2.7.2. The recombinantHis-tagged proteins were purified from the soluble
fraction by immobilized Nin affinity chromatography(2.7.3. The protein concentrations
were measured by Bradfor@.7.6) and themolecular weight of the proteins was examined by
SDSPAGE uter denaturing condition§2.7.7) together with a sample of the crude cell extract.
The incubation temperature, at which the highest yield of the desired proteis eldained,

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
IPTGTo yield the highest quantities of the enzymesS,ipipT and ESt5ES5, 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 incubatiomperature of 17°C. At 3T, significantly less protein
was expressed. The expressiof EStbES waequally possible at 17 and “2 LipS could be
purified with up to 15.0 mg/g of cell pellet (wet weight). The average maximum vyield of LipT
was around 1.6 mg/g and of Est5E5 approx. 3.4 mg/g.

Efforts to purify LipT and EsSt5E5 from ihsoluble fractions (inclusion bodies) of the cell-pe
lets with urea(2.7.4) did not yield any of the two enzymes according to visual inspection of the
protein bards on a SDBAGE gg2.7.7) 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.@2.7.5 and, if necessary, conotrated. After Coomassie Brilliant Blue staining of
the 15% acrylamide gels after SIPAGHK2.7.7), LipS was visible as one single band at a size of
approx. 31.7 kDa including kg of 1.65 kDgFigurel3). In contrast, LipT and ESt5ES5 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 mon

meric prokin (38 kDa estimated size includinge@minal Hig-tag), a dimer (76 kDa) or ai-tr
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mer (114 kDa) although the SIPBGE was carried out under denaturing conditions (sample
buffer contained DTT, incubation at 95°C fat®min Figurel3). ESt5E5 also showed several
bands, but also a distinctive band at approx. 50 kDa which corresponds to its estimated size
including Histag (Figurel3).

LipS  LipT M kDa kba M EstSES
B 116

; 2 B
=
t—‘; 50
e B gy

45 40
>3 35 30
p——4 | P—
— 25
S
—

Figurel3. The purified progins LipS, LipT and EsSt5E5 ofoldcrylamide gels after SPAGEGels 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
#SMO0661)Approx. 15 pg of protein were apetl per sample.

A Western Blot immunoassay was carried out after separation of the proteins by denaturing
SDSPAGE to detect the Hitgag of the three enzymes with Hispecificantibodies(2.7.8. The
assay showed that LipS was detectable with a strong signal at approx. 32 kDa that is consistent
with the calculated moleculasize A thinner band was also detected that could corresptm

a dimer with a size of about 72 kfi@igurel4 A). The western blot analysis of LipT revealed
that it occurs as approx. 38 kDa protdirigure14 B) and concerning Est5E5, its molecular
weight could be verified with about 50 kleigurel4 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 e
tract from E. coliBL21(DE3)that contained the emptyector pET21a 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 belongsEo coliand has a histidine rich part in its amino acid

sequence so that it also binds tiee NENTA and can be detected with Hgecific antibodies.
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A) M LipS B) M LipT LipT (FT) C) M Est5E5(CE) Est5ES
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Figurel4. Western Blot immunoassay for detection of §(tisgged proteins with pentdlisspecific anit
bodies.M: marker (Fermentas prestained protein molecular weigtgrker #SM0671). A) PurifiedpS;
B) purified LipT; LipT (FT, Flow through); C) Est5EBr(E cell extract); purified EstSESpprox. 2625
Kg of protein was applied per sample.

3.6.5 Activity of ESt5ES5, LipS and LipT on ester compounds

3.6.5.1 Substratespecificity

Usually, lipases prefer to act on lenbain fatty acids with more than ten-&oms, while s-
terases act on shorter-€hains(Jaegetet al. 1999) Therefore, a substrate spectrum was+e
orded withpNP esters which had a carbon chain length tff 48 Gatoms(2.8.2.3.). The best
results were observed withNP octanoate (§ in case of LipS and Est5ES. LipT showed highest
activity onpNP decanoate (g Figurel5). LipS and LipT were most active between-abglin
lengths of 6 to 14 @toms (2558% of the maximum activity) and only weak activities were
measured with shorter (£ and longer (G and Gg) acyl chain lengths. In contrast, ESt5E5S
showed a broader substrate range betwepNP butyrate (¢} to pNP myristate () with at

least 60% of the maximum activity. Interestingly, it was not active at giNd palmitate ()

and stearate ().
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Figurel5. Substrate range of ESt5ES, LipT and LipS testgquNéhesters with €hain lengths between

G and Gg. Reactions were incubated at 50°C (Est5E5), 70°C (LipS) or 75°C (LipT) with final substrate
concentrations of 1 mM iPB (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 aneg wagested by incubation at
temperatures between 10 and 90°C for 10 rffrB.2.3.2. As substrate, 1 mMNP decanoate

or dodecanoatenere used because dfieir low autohydrolysis reaction. The extinctions were
measured at 405 nmmia photometer.LipS and LipT showed therntulic properties as their
temperature optimum lied at 70 and 75°C, respecti@ligure16). With 11.5%, LipS had low
activity at temperatures beneath0°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 EsSt5ES5 laid at 50°C, above
this temperature, the enzyme activity declined to 65% at 60°C and 23% at 90°C. Est5E5 showed
23% ativity at 10°C to 34% activity at 40Fgurel6 shows the temperature ranges of ESt5ES5,

LipT and LipS.

100 | —@—Est5ES

90 ' —m—LipT
80 |

70
60
50
40
30 f
20
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=1 ipS

Relative activity [%]

10 20 30 40 50 60 70 80 90 100
T[°c]

Figurel6. Temperature range of Est5ES, LipT and LipS measured with iNfMiodecanoate.
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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 nplP dodecanoate (LipS, LipT)pbiP decao-

ate (EsSt5ES) as substrg28.2.7).

As no residual activity was measureable with EStSE5S afieninat 70 and 90°C, th&est was
repeated at 50 and 6. At 50C, Est5E5 was stable up to 30 min (89 % residual activaty), b
fore activity decreased rapidly to 2% after 1 h incubatiéigurel7 A). EStSE5 was almost ia
tive (2% residual activity) after 30 min incubation6@€C. A residual activity of 50% for EStSES

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 &-incub
tion at 70°C, LipS still possessed 50% residualtgctidhile after 72 h, 13.6% of the maximum
activity could be measurefFigurel7 B). Incubated at 90°C, LipS showed 52% residual activity
after 4 h ofincubation, 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% aftefFiuhel7 Q. 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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Figurel7. Thermal stability of ESt5E5 (A), LipS (B) and LipTHE)xnzymes were incubated at 50 and
60°C (Est5ES) or 70 and 90°C (LipS, LipT). These temperatures were chosen because they lie around the
optimal temperature 6 the enzymes and with 10 to 20 sigrficantly above. Residual activity was

measured afterwards by incubation wiiNP decanoate or dodecanoate at the enzymes” optimai-te
peratures.

3.6.5.3 pH range of Est5ES5, LipS and LipT

Three different kinds of buffers weraised with pH values between 5.0 and)92.8.2.3.3.

Est5E5 was most active in AHE! buffer pH 8.@Figurel8 A). At pH 7.0, the enmge showed

28% activity and it was inactive below pH 6.0. (fi§ure18 B) as well as LipFigurel8 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 glyciiffer above pH 9.0, no activity could be measured for any of

the three enzymes.
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Figurel8. pH range of Est5E5 (A), LipT (B) and LipS (C) measured with citraté)(gpthésphate (pH-6
8) and TridHClI buffer (pH 8).

3.6.5.4 Activity of ESt5ES, LipS and LipT in the presence of metal ions

Different metal ions lik€&", CS*, C¥", F€*, Mg, Mn*", RE*and ZA" were tested in 1 and 10

mM concentration by incubation together with the enzymes for one houroaim tempea-

ture (2.8.2.3.5. Afterwards, remaining activity was measured for 10 min at the enzyn@’'s o
timal temperature and quantified in a photometer at 405 nm against an enzyme free blank
that also contained 1 mM otO mM of the respective metal ion. For this measuremepP
octanoate (Est5E5) and dodecanoate (LipS, LipT) were chosen as substrate, because activity
was well measureable and autohydrolysis rates are lower with-tdvagned acyl residues. The
activitiesof the enzymes were then compared to metal ifsee 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 Mg (LipS}that were not significant enough to consider the $oas cofactors
(Figure19 A, B. In the presence of most cations activity decreased, sometimes eveni-signif

cantly to a residual activity &9.1% (LipWith 10 mM Fé&") and16.9% (LipS with 10 mEAT").
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Figurel9. Influence of different metal ions on the activity of LipT (A), LipS (B) and Est5E5 (C) compared
to a metal ionfree control.

In contrast to LipS and LipT, EstSfitinificantly showed an increased activity in the presence
of C&", Fé', M¢™", Mr?*, RB, Zrf* and especiallCif* ions (Figure19 C) In order to verify the
stimulating effect of Ci, different concentrations of the metal ion (0, 1, 5 and 10 mM) were
tested in a defined reaction volume of 500 pl that contained 0.9 pM/P octanoate as &
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 enzyméree blanks that contained the respective ammts of CG&". The results of the
measurements show, that ESt5E5 is more active in the presencezbfoﬁs Without Cd" as
possible cofactor, the specific activity of ESt5ES lied at an average of 2.61 U/mg. It increased
the more Ca"was added and with mM of Cd',5.35 U/mg were measured. With 5 mMCu

8.73 U/mg were reached and with 10 mM3®.50 U/mg(Figure20).
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Figure20. Impact of Cé'ions on the activity of Est5EBhe enzyme activity was tested in the presence
of 0, 1, 5 and 10 mM Cuwith 0.9 mMpNP octanoate as substrate at 50°C. The concentratiop-of
nitrophenol released in the hydroligtreaction 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
(2.8.2.3.59. The residual activities of the enzymes were measured piR octanoate (Est5E5)

and dodecanoate (LipS, LipZ;8.2 and comparedd a control without additives. The results

are listed inTablel6. 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 st#t po
sessed at least 49.0% residual activity when incubated with 10 mM concentration of thie inh

tors. Est5ES and LipS were most strongly impaired by 10 mM EDTA, where 43.5 and eespectiv

ly 46.0% activity remained.

In 1 and 5% concentration (w/v or v/v) of the detergents, SDS, Tritbd0Xand Tween 80

were incubated with the enzymd2.8.2.3.5. Tablel6 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 sol
tion, it kept 59.7% (SDS) to 73.3 % (Tween 80) of its initigitgct\ctivity strongly decreased

with 5% of the detergents and only up to 12.0% activity remained with Tween 80. LipT, ho
ever, was completely inactivated by SDS in both concentrations and only possessed up to
18.4% of its initial activity when incubatedth 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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Table16. 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 ESt5ES (%) 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 435+54 46.0 + 6.6 65.7 +4.8
DTT1 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+15
PMSF 1 mM 625124 80.1+0.8 1056 +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+25 0.0+0.0
5% 87+1.6 0.0+0.0 0.0+0.0
Triton X100 1% n. d. 70.4+9.1 13.0+3.5
5% n. d. 85+04 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 ESt5ES5, LipT and LipS against solvents

The activities of ESt5E5, LipS and LipT undeinfheence of solvents were tested with DMSO,
isopropanol, methanol, DMF, acetone, acetonitrile and ethanol which were applied inrconce
trations of 10 and 30% (v/v) in PB pH &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 emymefree blank that also contained the respective solvents. The results co
pared to a control without solvent are shown Trable17. The presence of the solvents unl
enced the activities of EStSES, LipS and LipT more or less negatively. The only exception is
DMSO that increased the activity of ESt5SE5 (30% DMSO: l66rbd)i@l (10% DMSO:
156.5%) and only marginally inhibited LipS (30% DMSO: 92.9%). In the presence oflether so
vents, LipS only kept 67.9% (30% methanol) to 8.5% (30% acetone) residual activity.nith co
centrations of 30% solvent, ESt5E5 also lost actiaityesidual activities between 80.0%0(is

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 tafaly low stability with 49.2% and 6.2% activity remaining.

Tablel7. Relative activity of ESt5E5, LipS and LipT in the presence of sollkatactivities were go-
pared to a control without solventt indicates the standard devian; n. d., not determined.

Rel. activity of EStSEF%) LipS(%) LipT(%)
Control 100.0+6.1 100.0+£5.5 1000+ 4.9
DMSO 10% 120.4+2.8 65.5+ 3.6 156.5+1.7
30% 166.1 +5.6 92.9+85 100.1+1.5
Isopropanol 10%  186.1 £ 0.6 64926 402 +£4.9
30% 80.0+£ 0.6 459+2.6 6.2+15
Methanol 10% 35.8+0.6 679+20 108.5+3.3
30% n. d. 31.3+0.6 575+5.0
DMF 10% n. d. 31.9+9.7 98.8+5.8
30% n. d. 17.0+£9.3 47.7+29
Acetone 10% n. d. 39.8+12.7 103.0+14.1
30% 3.6+5.1 85+04 50.7+1.1
Acetonitrile 10% 1429+ 0.9 67.3+5.9 96.3 + 3.6
30% 13.0+ 3.4 154+ 0.4 50.9+2.1
Ethanol 10% n. d. 27759 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 table to work cofactor independently in further biotechnological
applications, kinetic measurements were carried out without addition of any metal ions
(2.8.2.3 2.8.2.3.9. The kinetic studies were performed with two differgaitlP substrates for

each enzyme. In case of ESt5E5 and LipS, kinetics were studiggNRitbctanoat and dea-

noate and in case of LippNP decanoate and dodecanoate were used. The substrate nence
trations ranged from 0.1 to 0.7 mM he assays were performed at the enzymes” optimat-rea
tion temperatures. The catalytic properties of LipS showedhighest specific activity with
12.03 U/mg(Table18). LipS and Est5E5 showed a much higher specific activity and a better
efficiency (k«/Kn) than LipT (Table18). Est5E5 showed specific activities comparable to LipS

and withpNP octanoate, it even had a better catalytic efficiency.
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Table18. Catalytic properties of ESt5E5, LipS and LipT.

Enzyme anNP  Units/mg  Viax (Mol/min) K, (mol/l) Keat (MIN™)  KeadKm (M 'seCY)
substrate

EStSES

Octanoate 7.685 4.746 x 10 5.852 x 10 0.540 15.375
Decanoate 4.336 3.623x 16 8.369 x 10 0.412 8.207
LipS

Octanoate 12.029 2.016 x 10 2170x10  1.336 10.260
Decanoate 6.039 2.903 x 10 2674x10 0192 12.009
LipT

Decanoate 0.559 5.416 x 10 1.148x10  0.055 0.796
Dodecanoate 0.361 1.108 x10° 1.477x10  0.011 1.268

3.6.5.8 Further substrate range and enantioselectivity of ESt5E5, LipS and LipT

Est5ES5, LipS and LipT were tested on sppbiBl 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 reactim was measured at 405 nm against an enzyfrae blank and the spefei

ic activity calculated2.8.2.3. The results are given ifable19. EsSt5E5 was most active on
cyclohexanoate (0.35 U/mg) and it was able to act on every other substrate, exeept 2
naphtoate. LipS hydrolyzed cyclohexanoate with the highest activity of 1.2¢ dieasured,

but it did not show activity on-haphtoate and adamantanoate. The substrate range of LipT

was nharrower in comparison. It showed relatively low activity in comparison with Est5E5 and
LipS and was unable to converpBenylpropanoate, cyclohexaate and adamantanoate. Its

highest activity was observed on ibuprofen amide with 0.08 U/mg.
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Table19. Specific activity of ESt5ES5, LipS and LipT on selpbtBdsubstrates.

4-nitrophenyl ester substrate Specificactivity (U/mg)

(0.5 mM) 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 0.18 0.62 0.06
(ketoprofen)

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 CalBCandida antarcticdipase B, purchased from Sigma Aldrich, Buchs, Switzerland)
and ROLRhizopus oryzakpase, purchased from Fluka/Sigma Aldrich, Buchs, Switzerland) on
chiral pNP and methylumbelliferyl (MU) esters name8§-/(R-2-methyldecanoic acid ester,
(9-/rac-/(R-2,3-dihydro-1H-indene-1-carboxylate (=indancarboxylic acid eg3ter(S-/rac-
ibuprofen ester and9-/rac-/(R-naproxen estef2.8.2.3.7 Tablel1). As reference, the achiral

pNP and MU octanoate was also tested.

Reactions with chirghNP esters as substrates were measured in a photemat 410 nm
against enzyméree 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 Est5ES5, CalB and
ROL in order to avoid autohydrolysis that easily ocetifsigher temperatures or due to the
experimental setup(2.8.2.3.7. All of the five enzymes were principally active on chifdP

ester compounds and the specifictivities are listed imable20. ESt5E5 showed the highest
activity of all enzymes on the achifallP octanoate (0.71 U/mg). It was also able to hydrolyze
chiral substrates with activities comparable to LipS. Thereby,tédagreferably on the R-
enantiomers opNP methyldecanoate, ibuprofen and naproxen. In cageN#t indancarboxylic

acid ester, the stereoselectivity was less distinctive. In comparison with ESt5E5, LipS showed a

much higher stereoselectivity as it cleagreferred the R-enantiomer and only had very low
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activity on the §-enantiomers. It was even inactive on thg-énantiomer ofpNP ibuprofen
ester. On mostR)-enantiomers, LipS and Est5E5 showed comparable specific activities, but on
(R-pNP naproxerester, LipS clearly had the highest specific activity (0.59 U/mg) of all five

enzymes tested.

LipT preferred the achiral substrap®P octanoate (0.26 U/mg) and it only showed low activity

on the chiral substrates (max. 0.09 U/mg@MP methyldecanoateftereoselective properties
could not be observed for this enzyme. CalB also did not clearly exhibit stereoselective-prope
ties on any of the substrates. As the temperature optima of CalB and ROL usually lie between
30 and 45°C, the specific activities ebhsed at 60 and 65°C were relatively low with a max
mum of 0.09 U/mg ong- and R)-pNP methyldecanoate in case of CalB and 0.13 U/mg in case
of ROL opNP octanoate. ROL showed a slight preference for@erfantiomers.

Table 20. Specific activities of Est5ES5, LipS and LipT on @hifdl substrates in comparison with the
commercial enzymes CalB and RUle activities of ESt5E5 and CalB were measured at 60°C, while the
activities of LipS, LipT and ROL were assayed at 65°Gpddific activity of CalB and ROL refers to the
weight of the lyophilisate.

4-nitrophenyl ester Specific activity (U/mg)
substrate ] . .
Enantbo- ESt5ES LipS LipT CalB ROL
(0.33 mM) mer
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 9 0.32 0.06 0.07 0.06 0.00
indene-1-carboxylate
(:indancarboxy“c acid rac 0.38 0.26 0.07 0.06 0.02
ester)
R 0.40 0.41 0.06 0.07 0.02
Ibuprofen ester 9 0.02 0.00 0.02 0.01 0.00
rac 0.27 0.31 0.03 0.01 0.03
Naproxen ester 9 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 testeds 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 mea

ured by detection of fluorescence at 465 r{th8.2.3.7. The results are given ifable21.
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Table21. Specific activity of the five different enzymes tested on chiral MU esters at B8&Cspecific
activity of CalB and ROL refers to the weight of the Iyligatie.

MU ester substrate Specific activity (U/mg)
(0.08 mM) Enanto-  ESt5E5 LipS LipT CalB ROL
mer
Octanoate - 1413.99 1795.21 147.87 5.64 19.81
Methyldecanoate 9 243.37 727.02 53.64 2.96 2.65
R 1750.54 1992.37 72.27 1.58 8.92
2,3-dihydro-1H 9 105.229 33256 4.63 5.01 -
indene-1-carboxylate
(indancarboxylic acid rac 213.16 638.69 10.39 2.97 =
ester)
R 271.865 793.28 11.39 1.34 -
Ibuprofen ester 9 234.90 22453 10.42 0.12 0.10
rac 772.46 541.02 9.24 0.16 0.15
Naproxenester 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{enantiomers was verified concerning Est5E5 and
LipS. The highest activity of all enzymes wlaserved with LipS andRMU 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-ddtdnoate as substrate. Conecer

ing MU methyldecanoatandancarboxylic acid ester and naproxen, LipT acted preferably on

the (R-enantiomers. On ibuprofen ester, however, LipT showed a higher activity orBkhe (
enantiomer. For CalB, a preference for tHg-¢nantiomer was observed on Mbhethyl-
decanoate and indasarboxyic acid ester, but it acted undifferentiated on ibuprofen and
naproxen ester. ROL was more active on fReshantiomer of methyldecanoate, but it did not

show a clear preference for one enantiomer of ibuprofen ester. Concerning ¢adaoxylic

acid and maproxen ester, no activity could be measured.

The estimatedevaluesaccording to KazlauskgKazlauskas 200@yovide qualitative conal-
sionsabout the enantioselectivity of an enzym&hey are calculated by the initial reaction
rateso n 9 k of Aoyh eénantiomers measured separatgiquation 8)

P @ MeiQE we 0 Qe a Qi

94 iAol BB mr oo 60l (8)

The estimatedEvalues ardisted inTable22.
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Table22. The five different enzymes show different estimat&dalues orpNP and MU esterg\ higher
E-value indicates a higher stereoselectivity

EstimatedE ESt5ES LipS LipT CalB ROL
pNP methyldecanoate 40 R® 82R 15R 150 6.1 R
MU methyldecanoate 7.2 R 27R 14 R 270 25R
pNP indarcarboxylicacid 15® 10.3 R 1.7R 230 37R
ester 22R 29® 24@ 379 -

MU indancarboxylicacid

ester

pNP naproxen ester 29(R 71 R 250 280 20R
MU naproxen ester 1.4(R 15® 1108 1.7R -

Est5ES5, LipS and ROL show selectivity for Rheerfantiomers of each of the three kinds of
compounds. LipT iRf-selective on methyldecanoate and indamboxylicacid ester and §-
selective on naproxen ester. CalB acts mostly on $herfantiomers. LipS showed the highest
stereoselectivity of all enzymes with estimatBdalues between 7.1 and 10.3 for the) enan-
tiomers. The enzyme acted more selectivelypNP esters than on MU esters. ESt5E5 is more
selective on the MU ester of methyldecanoate, as the estim&gdlue of 7.2 indicates, while
ROL is more selective on tipdlP ester of methyldecanoate. LipT a@dIB show a relatively
low selectivity as the estimate# values only reach 2.5 (LipT o§-Gaproxen ester) or 3.7

(CalB on®-indancarboxylicacid ester).

3.6.5.9 HPL@VIS analysis of LipS on ibuprofgmNP and phenyl ester

The results measured by HRPMS analyis (2.8.3 were accomplished in the group of Prof. Jérg
Pietruszka[Institute for Bioorganic ChemistryB@OC), Heinrich Heine Universijisseldorf,
Forschungszentrum JalicBermany. LipS showed a preference for tHg-Enantiomer of ilu-
profen pNP ester with an enantiomeric exceg®)(of more than 83%Higure21 A). The stes-
oselectivity of LipS was even higher on ibuprofen phenyl ester, wheexaf 99% was é-
tected for the product and 77% for the substrgtegure21 B)which leads to an enantiosale
tivity of E = 20(qc = 45%) for the phenyl estéfigure21 C).
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Figure21. HPL@VS analysis of LipS acting-énantioselectively on racemic ibuprofen estefg.pNP
ester(99,8:0,2 rheptan/isopropanol0,5ml/min, 220 nm, Chiralpak 1A) aBjiphenyl ester(225 nm) As
ibuprofen could not be measured direcily acidc formon the HPLC column, it was converted to @m
thyl ester before measurement. The enantioselectivity value E was calculated for ibuptuéey| ester

©.

3.6.5.10 Activity on tri- and polyglycerides

The pHstat method was applied in an automated titrator with tributyrin, triolein and polggly

erol-3-laurate as substrate@.8.4). Through the hydrolysis of the {rand polyglycerides, free

fatty acids were released that decreased the pH of the emulsion. The consumption 12@e of

mM KOHwhich 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 mMsklDtibn 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°QFigure22 A). The adwity was higher with 50 mM triolein as substrate and
reached 0.20 U/mg (1.2 ml of 20 mM KOH solution added after 16.7Figare22 B). LipS
showed s highest activity of 0.61 U/mg on a 7.5% emulsion of polygly&elalrate (3.7 ml

of 20 mM KOH solution added after 16.7 nfigure22 Q).
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Figure22. Titration curves of LipS acting on 50 mM tributyrin (A), 50 mM triolein (B) and 7.5% pelygly
erol-3-laurate (C)Arrowsindicatethe time point (600 sec) when LipS was added into the reactisn ve
sel.

3.6.5.11 Esterification by LpS

LipS was applied in esterification assé¥8.5 and its activity was compared with CalB rjpu
chased from decta, Leipzig, Germany) as control. These assays require lyophilized enzyme
(2.7.9 in order to avoid the hydrolysis reaction thatags in the preence of waterAt 70°C,

the esterification reactions betweenllINR LJ y2f | yR RSOFy2A0 | OAR
well as Metradecanol and myristic acid were catalyzed by 15 mg of lyophilized LipS and CalB.
By titration, the acid values of the contrreaction mixtures and the productsptopyl laurate

and Xtetradecyl 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 coudd be d
termined for boh reactions. During the synthesis reaction gbrbpyl 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 LigBigure23 A). CalB also showed better activity during the synthesis of 1
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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 LipSaglyst(Figure23 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 Elguage(

23 O. Activity of both enzymes was slightly lower during synthesis-tetradecyl myristate

(LipS 0.09 U/mg and CalB 0.28 U/mg).
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Figure23. Acid values of the reaction mixtures decreased during the synthesipaddyl laurate (A)
and Ltetradecyl myristate (B)The specific activities of LipS and CalB were higher during synthesis of 1
propyl laurate (C).

3.6.5.12 Kineticresolution of secondary alcoholgy LipS

The enantioselective hydrolysis of four acetates of secondary alctiydlgpSvas investigated
by gas chromatographic analysesthe working group of Prof. Uwe Bornscheuer (Institut of
Biochemistry, Dept. of Biothnology and Enzyme Catalysis, EMstitz-Arndt University
Greifswald, Germany2.8.6. Whereas the hydrolysis of-ghenyll-propylacetate and 4
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phenyll-ethylaetate proceeded with low enantioselectivitf£3-4), high selectivity of LipS
was observed for -phenyt2-butylacetate and Jphenyt2-pentylacetate. In both cases, the
corresponding chiralR)-alcohols were obtained witlat least96%ee at approx. 50% corey-

sion.

4

37 -N}& ONRadGlff23aINILKAO lylfeara 27

The efforts leading to a crystal structure of LipS were made in #tay Xrystallography group

of Dr. Jochen Millebieckmann (EMBL c/o DESY, Hamburg, Germany). Crystallographic data
sets were collected andeduced as described previoudliyersiniet al. 2012). Te structure

model of LipS was solved with a resolution of 1.99 A by using the proteiTiperived from

the constructlipS:pETM11+26 irkE. coliBL21(2.2, Chowet al. 2012). It crystallized in space
group (SG) P4 and was solved by molecular replacement using the structure of the carboxyle
terase Est30 fronGeobacillus stearothermophil(BDB code 1TQH, @/sequence identity) as

a model(2.9). The construct LipHis; derived from expression dipS:pETF21a inE. coliBL21
contained a Histag at the @erminus andcrystallized in SG P22 (2.9; Chowet al. 2012
Figure24 A). It diffracted Xray radiation to 2.08 A resolution.

During purification by sizexclusion chromatographf¢Fersiniet al. 2012) LipS appeared as a
dimer. Accordingly, the asymmetric usiof LipS in SG P4 and,R2 contained one and two
identical dimers, respectivelfheenzymes’ contact area contaifhi845X of accesible surface
per monomer with everal hydrogen bondsalt bridgesand many hydrophobic contacts that
probably stabilizehe dimer interfacgChowet al.2012)

LipS contains théold of a classicdl/i hydrolasefamily member(Olliset al. 1992) It consists
ofacentrail -4 KSS G 02y aA &ilANy ICRAET3 A5S5M 85/90i1 ¢ A arfénged
antiparallel to the other strandgFigure24 C) The sheet is sandwiched by heliteésandh G

on one side and helicésB through"F on the opposite side. The catalytic triad consisting of
Serl26, As@27 and k5257 composes the activeesiFigure24 B, C) The serine residue ie-|
OF SR |G (ykd30faS2e LIKIAK IXSaRid8ds tolgdobpthetweamwo short anti-
paralleli -strandd 6 andi Tandh Dy forms an extension(Figure24 B, C) It covers the active

site like a licandcreates a closed cavity around the active site resideet28 and lis257.
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Figure 24. Crystal structure of Lip@®\) Single rectangular crystals of LWS (Fersiniet al. 2012) B)

Monomer of LipS displayed as surface representation. Thdolidain { 6,1 7,h Dy) is colored in red and

is shown as ribbomepresentation(Chowet al. 2012) C) Ribbon representation of LigShowet al.

2012. The enzyme contains dri hydrolase fall consisting of seven centralsheets{ mX I HXE 1 oZX i
i pXZ i yZX )intetweeniuielicks$ ! = h-BBlue)h The active siteesidues S126, D227 and

His257 are shown as stick representatidme lid domain is colored in red. D) Electron density (blue)

around the catalytic residues S126 and H257 that was interpreted as spernfCimavet al. 2012).

Figures were prepared using secondary structure assignment obtained by RiZMdICino 2002)

The active site of Lip®/T in SG P4 contained strong residual electron density around S126 and
H257(Chowet al.2012;Figure24 D). This density wamterpreted with spermidine which was
used as an additive for improving crystal quality of MyB For crystallization of Lib%s,

spermidine was not added and the electron density thus could not be observed.

The enzyme was incubated with a final cortcation of 3 and 5 mM spermidine for 5 min at
room temperature before 0.5 mNdNPdecanoate was added to the reaction mixture. Sibs
guently, the mixture was incubated at 70°C for 10 min and the reaction measured in-a ph

tometer at 405 nm. Interestingly, thactivity test showed that LipS washibited by sperm
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dine depending on its concentratidqiigure25). With 65.6% and 43.4%, the residual activity of

LipS was significantly lower when 3 and 5 mM spermidine, respectively, was present.
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Figure25. The activity of LipS was inhibited by spermidiAetivity was determined in a photometer
after 5 min of preincubation with spermidine and subsequent incubation with 0.5pNMdecanoate at
70°C.
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Different organisms were tested for their ability to express recombinant lipolytic enzymes and
the best results were obtained witR. antarcticastrain Shivaji CMS 35 (DSMZ, no. 15318). The
strain was originally isolated from cyanobacterial mat sampleaddn pond L3 of Wright ra

ley, Adam's glacier stream 1y(Ai  NO G A OF = 71y Reddyet al{2004.MlcedGecamp n1 9T
negative member of th&seudomonadacea@&ammaproteobacteria) grows aerobic and has a
rod-shaped bodyP. antarcticas nonpathogenic, free living and motile as it possesses a polar
flagellum. The psychrophilic bacteriumable to grow between 4 and 3D with an optimum at
22°C and pH 7.(Reddyet al. 2004) Common Luria Bertani (LB) and CASO broth can be used
as medum. It only has weak endogenic lipase activity and can utilize adomigggerythritol,
D-galactosepD-glucose, glyceromesainositol andD-mannitol as carbon sources in contrast to
e.g.D-cellobiose, lactose)-maltose and sucrosgReddyet al. 2004) It is sensitive to antibie

ics like ampicillin, chloramphenicol, kanamycin, gentamicin, penicillin, rifampicin andytetrac
cline for which most commonly used vectors carry resistance gdheantarcticais able to
express genes carried on common brdamst-range vectors (0 BBR1IMGSpBR222.2). With

its ability to grow at low temperatures, its easy transformability and physiological properties,
P. antarcticahasthe potential to be a promising heterologous expression host for thermophilic

lipases difficult to express B. coli
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Special interest lies in the genetic properties. The genomP.ddintarcticawas sequenced,
assembled and annotated by Sarjoget andcoworkers in the Gitingen Genomics Laborat

ry (G2L, Geordugust University, Gfingen, Germany). The draft genome sequence is avail
ble in the IMG database (https://img.jgi.doe.gov/mn/er/main.cgi) and currently contains 93
contigs. Presently, morénéin 3,600 other bacterial genomes can be accessed at the IM&G dat
base, among them are 65 genomedseudomonaspeciesFigure26 provides an overvig of

the phylogenetic relationship betwedp. antarcticeand some of thes€seudomonaspecies.

ir Pseudomonas aeruginosa PAO1 (640692799)

44 Pseudomonas stutzeri RCH2 (2507212921)

451[ —— Pseudomonasfulva 12-X (2506002855)
Pseudomonasputida IsoF (2510747141)

Pseudomonas syringae pv. oryzae 1 6 (645266850)

a8 Pseudomonas antarctica CMS 35 (219878447)
1001 pseudomonasfluorescens SBW25 (643854279)

Escherichia coli K12 W3110(640246518)

P
0.02

Figure26. Phylogenetic relationship between 16S rRNA gends ahtarcticaand other Pseudomonads.
Gene sequences were obtainém IMG (https://img.jgi.doe.gov/cgbin/er/main.cgi) and had a min
mum size of 1,400 bp. IMG Gene Object IDs are given in brackets, excBpaftarctica which carries

a NCBI accession number. Sequences were aligned by using Cl{Bitaddit Hall 1999, 2.11.7 and the
NeighborhoodJoining method. The tree was calculated using the software MEGA 5.05 and tlie Max
mum-Likelihood method. The scale bar represetite expected base changes per nucleotide position.
Bootstrap values are given at the branches.

P. antarcticahas 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 5680 have a predicted fan

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 toB&T. Another 11.16% are unassigned, 3.56% are from
Betaproteobacteria and 1.21%longs to AlphaproteobacteridVithin the genes belonging to
Gammaproteobacteria, 96.28% belong to Pseudomonadaceae (mBstRuorescerjsand

1.96% to Enterobacteriaceae.

According to the COGs (Clusters of Orthologous Groups of proteins) datébatsisovet al.
2003) a function could be predicted for 4,528 ger{é8.33% of all gene&jgure27).
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B Amino acid transport and metabolism B Carbohydrate transport and metabolism
Cell cycle control, cell division, chromosome partitioning m Cell motility
B Cell wall/membrane/envelope biogenesis B Chromatin structure and dynamics
Coenzyme transport and metabolism m Defense mechanisms
Energy production and conversion B Function unknown
General function prediction only Inorganic ion transport and metabolism
Intracellular trafficking, secretion, and vesicular transport W Lipid transport and metabolism
Nucleotide transport and metabolism W Posttranslational modification, protein turnover, chaperones
Replication, recombination and repair RNA processing and modification
Secondary metabolites biosynthesis, transport and catabolism Signal transduction mechanisms
W Transcription W Translation, ribosomal structure and biogenesis

| ] Not in COGs

Figure27. Proteins ofP. antarcticaand their predicted functions according to COGatil now, no pa
ticular function could be assigned to about one third of the proteins.

Concerning hydrolytic enzymes, 38 annotated hydrolase family members, 10 putative
lactamases, 27 putative esterases (including ttdod phosphodiesterases) and 7 putative
lipases (including phosphoand lysophospholipases) occl. antarcticapossesses genesre

coding proteins necessary for the Sec and Tat translocation systems as well as the-Sec/Tat
dependent type Il and Seatependent type Vb (autotransporter) secretion systems. For Sec
independent secretion, it contains the genes for type |,rt &I secretion systems. The genes
yscFOP¥at encode for proteins responsible for the assembly of a needle complex belonging

to the type Il secretion system are not preséRigure28).

AssumedlyP. antarcticadoes not produce signal molecules for el communication. Wit-

in its genome, no genes were annotated as auiucer synthase genes. Searches for ammaut
inducer synthase fronPseudomonafluorescengGenBank acc. no. AAC18898), two different
putative acylhomoserine lactone synthases fr&@seudomonas fluorescefSenBank acc. no.
AAF61720.1 and AAF61718.1) and an acyl homoserine lactone biosynthetic proteif.from
syringaepv. syringae(GenBank: AAC24591.1) did not lead to any results when blasted against
the P. antarcticagenome. Searches for the Pcol/PcoR quorum sensing systenflirorescens
(GenBank acc. no. AAT42217.1 and AAT42219.1) were also not successful. Interestimgly, ann

tated genes in relationship with the auwtimducer receptor LuxR were found in genome. There



Results 89

are three putative Lux®/pe transcriptional regulators (IMG gene object ID 2510911850,
2510912117 and 2510913402) and five putative HaxRly regulatory proteins (IM@ene
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
(251090.4450) and two swarming motility regulation sensor proteins rssA (2510912802 and
251091423)were found within the genome.

Figure28 shows a comparisobetween secretion systems componentshofantarcticaand E.
coliBL21.P. antarcticacould offer benefits for protein export especially concerning the type |
and type V system, because enzymes can be transported through the inner and outer me

brane(Hendersoret al. 2004)

Sec/SRP

Type lll | YsecC YscF Yscl YscL YscN YscO YscP

YscQ YscR Yscs YscT YscU YscV YscW YscX
Type IV | VirBl VirB2 VirB3 VirB4 VirBS VirB6

Vire7 VirB8 VirB9 VirB10 VirB11 VirD4

Type Va |VacA

Vb ShiA ShiB

Ve YadA YadB/C
Type VI Hcp Lip lemF DotU
ClpVv PpkA Fhal PppA
Figure28. Components of protein secretion systems frémcoliBL21 andP. antarcticaaccording to a
KEGG pathway seardhttp://www.genome.jp/kegg/pathway/map/map03070.html). Light gray,opr

teins occuring inP. antarcticaShivaji CMS 35; black, proteins frémcolBL21; dark gray, proteins from
both organisms. Proteins that do not occur in both species are coloB8&d3, small recognition particles
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3.8.1 Overexpression of LipT iRseudomonasintarctica Shivaji CMS 35

As the expression rates of LipT were lowEincoli(3.6.4), P. antarcticawas chosen as a new
expression host that has optimal growth at lower temperatures between 17 and Bet@ath
25°C, LipT is supposed to have a lower lipolytic ac{®i6.5.9 that probably affects the host
bacterium. The gendipT was amplified by PCR frotipT::pETF21a with the primer pair
lipT_Apd for andlipT_Pst rev (2.3). The product contained a Hisoding sequence and was
ligated into the broad host range vector pBBR1MIJR.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;polymerase coding vector pMiB in P. antarctica2.2).
The gene was cut out of the plasmidT::pEF21a withNdd andHindlIl and ligated into the
vector pBR221§2.6.8.3 that encodes a @rminal Hig-tag sequence. CompeteRt. antarctica
cells (2.6.9.2.3 were transformed with the constructs by heshock (2.6.9.9. The trars-
formants were selected ohBagar supplemented with 50 pg/ml gentamiciipT::pBBR1MGS

5) or 150 pg/ml chloramphenicol and 7 pg/ml tetracyclitipT:pBR22b and pML%; 2.4.4).
Presumaby} because the constructipT.:pBR22b and pML%; together had a size of more
than 27 kbP. antarcticacultures that containd both of them grew very slowlso that about
three days were required until the cell density was high enough to use it as imockbr e-
pression cultures, 300 ml of LB medium supplemented with the appropriate antibiotics were
inoculated with up to 3% of freshly grown cultureskafantarcticacontaining the respective
plasmids. Protein expression i antarcticacultures withlipT::pBR22b and pML%; was n-
duced with 1 mM IPTG at an g@Bof 0.8. The cultures were incubated up to three days until
an ORy of at least 10.0 was reached. The cultures were harvested by centrifugio)
and crude cell extracts were prepared by French pressure cell and ultrasoni(affad. The
His-tagged Lip was purified from the soluble fraction by-iNnh affinity chromatography
(2.7.3. Protein concentrations were determined using Bradf¢2d7.6). The elution fractions
were concentrated if necessaf@.7.5 and analyzed by SEFBAGE and Western BI{@.7.7,
2.7.8 Figure29).
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Figure29. LipT expressed iR. antarcticaand E. coliA) SDSPAGE of a 256 acrylamide gel stained with
Coomassie solution. It shows recombinant proteins derived fRorantarcticacontaininglipT::pBR22b.

CE, crude cell extract of nenduced culture; CE+l, crude cell extract of culture induced with 1 mM IPTG;
M, marker Fermentas SM0431; LipT, concentrated elution fractions afteitadjgurification.A visible
band according to the size of LipTsaanly visible after Western Blot analy®3Western Blot after SBDS
PAGE on a5% acrylamide gel showing proteins derived frémantarcticaexpressindipT::pBR22b.
LipT, concentrated elution fractions after kitag purification;M, marker Fermentas S0671.C)SDS
PAGE of a 25 acrylamide gel witlproteins derived fromE. coliBL21(DE3)expressindipT::pEF21a
(lane 1 to 31, elution fraction no. 1; 2, elution fraction no. 3; 3, elution fraction no. 5.) as wellas pr
teins derived fromP. antarcticaexpressindipT::pBBR1MGS including Histag (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 calculatedd$i3®&skDa for the mio-

omer and 76 kDa for the dimer including ¢tisg. Between 10 and 20 ug of protein were applied of each
sample.

An explicit band that could be assigned to Ldpuld not be observed in the crude cell extracts
of P. antarcticawith lipT::pBR22b that have been induced with 1 mM IPTG or served as non
induced control(Figure29 A). The concentrated elution fractions after kiag puriication
contained 10 protein fractions with sizes between approx. 16 and 100 kDa. However, none of
the fractions corresponded with the estimated size of Lipfnasomer (38 kDa incl. Hitag),
although the sample was treated with denaturing sample buffied 5 min incubation at 95°C.
Only a Western Blot analysis with Hépecific antibodiegFigure29 B) showed two bands at
approx. 38 and 38.5 kDa thedrrespond in their sizes with LipT includings#ag. In contrast,

the SDSPAGE of elution fractions containing LipT purified fRnantarcticdipT::pBBR1IMGS
contained one protein fraction next to many others, that is consistent with the estimatted

tein size olLipT Figure29 C).The SDEAGE analysis of these elution fractions showed in-co
parison with elution fractions obtained from kisg purified LipT expressed i. coliBL21
(DE3;lipT::pET21a), that the protein pattern strongly diffe(§igure29 C) An explicit band is
only visibé after expression ik. colBL21(DE3)n 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. antarcticacultures that containedipT::pBR22b and
pML5T,, further tests were carried out with the plasmighT::pBBR1MGS. The protein yield
after His-tag purificationwas determined by using the Bradford as§ay.6. The culture oE.

coli BL21(DE3)containinglipT::pEF21a 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, Figure30). Expression if?. antarcticawith lipT::pBBR1MGS 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 mpNP decanoate in 0.1 M PB pH 8.0 for 6 (8i8.2.3.

35 r q 2
— O Protein yield [mg/g pellet] 201
= . —_
3t [
% M Specific activity [U/mg] { 16 E
-4 | =)
op 2.5 =
Eﬁ 41 1.2 £
= 27 1.78 -
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Q
s T &
& 4 04
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0 L 1 0.12 0
P. antarctica E. coliBL21 E. coliBL21
PBBR1MCS-5 pET21a PET21a+ 1 mMIPTG

Figure30. Comparison between protein yield and specific activity of LipT expresdedaintarcticaand
E. colBL21 (DE3Pne cultureof E. colremained uninduced, one was induced with 1 mM IPTG. Activity
was measured with 1 mpNPdecanoate at 75°C.

LipT was slightly more active when expressed in the psychrophilichhasttarctica (Figure

30). The activity reached 0.39 U/mg when expresseB.iantarcticalipT::pBBR1MGS), 0.32
U/mg expressed k. colBL21(DE3}lipT::pETF21a) and 0.12 U/mg when the respectike coli
culture was induced with 1 mM IPTG. Measurements with 1 pN#® dodecanda as sib-
strate at 75°C for 10 mi(2.8.2.3 resulted in a specific activity of LipT with 0.18 U/mg when
expressed irP. antarcticaand 0.17 U/mg when expressedin coliBL21(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 expressiéd d¢oliBL21

(DE3)
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4 5Aa0dzaarzy

Some biotechnological processes demand working temperatures above 70°C and thus-biocat
lysts that are able to resist high temperatures for longer time periods. Thermophilic bacteria
are able to produce enzymes with high therstability 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 lonechaired 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 conditigRsesenfeldet 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 Ibraries 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 Est5ES5, LipT and LipS were identified, purified and subsequem#gtehiaed in detail

for their enzymatic properties and regarding their applicability in industry.

41 ¢CKSNNY2LIKATAO SYNROKYSYy(G Odz GdzNBa

Two enrichment cultures, inoculated with samples from soil and water of the Botanical Garden
in Klein Flottbek (Hamburg, Geany)or heating water from the Biocenter Klein Flottbek,
were incubated at 65 and 7512.5.1; 3.1). Although this kind of cultivation step decreases the
overall bacterial diversity, it helps to preselect thermophilic bacteria and thus to findehe d
sired enzymes with habitaelated properties (i. e. high temperatuitability and high ten-
perature optimum). Metagenomics using DNA of enrichment cultures was often applied and
led to the discovery of the desired enzymespecially when a carbon source or substrate was
added to the medium that was selective for speciestaming the genes of interegi/ogetet

al. 2003; Daniel 2005; Meillevet al. 2009; Beloquiet al. 2010; Schmidiet al. 2010) For
example, the growth of biotiproducing microbes was favored in a previuos study by the
addition of avidin to the culture edium which resulted in the identification of seven different
cosmid clones carrying biotin biosynthesis operffastcheveet al. 2001) Another advantage

is the often higher yield and better quality of DNA that can be extracted. Especially DNA
isolation drectly from soil is often related with difficulties because of humic acids and other

complex polyphenols present in the sampleebbe and Vahjen 1993)
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The enrichment culture inoculated with soil and water samples from the Botanical Garden was
held at 65€ on mineral salt medium (MSM) supplemented with pyruvate and olive oil as sole
carbon sources under moderate aerati¢5.1.]. Although the sample sites wetecated 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 otherrebse
vations indicating that soil bacteria can also be thermophéi g. like mangeobacilluspe-
cies(Marchantet al. 2002) The phylogenetic diversity of bacteria within soil belongs to the
highest known ranging from 2,000 to 18,000 different genomes and upoell8 per gram of

soil (Torsviket al. 1990; DanieR005) Of course, these humbers depend on the DNA extraction
and investigation method applie(Delmontet al. 2011) Considering studies estimating that
10% of all cultivable soil bacteria have thermophilic proper{idarchantet al. 2008) this
would lea 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 é¢ftenne

et al.2000), se introduction 1.3.7). Additionally, lipolytic bacteria within the enrichment were
favored by supplementation of olive oil to the cultumeedium(3.1.1). Olive oil consists ofitr
glycerides with acyl chain residues of 14 to 22 carbon atradeli 1977})hat can be utilized

by lipaseproducing bacteria.

Next to Geobacillus debiliand unculured Clostridiaand Enterobacteriacegaethe most abn-

dant member of the enriched consortium w&ymbiobacterium thermophilur(8.1.1). This
symbiotic bacterium wasrst isolated in ceculture with aBacillusstrain from compost and has

an optimal growth temperature of approx. 60fOhnoet al. 2000) The complete genome of

the strain 1AM14863 was sequencédedaet al. 2004) and contains four putative esterase
genes and two genes encoding putative lipases. As this bacterium’s growth depends on m
tabolites of a relatedBacillusspecies, it is likely, that these species were also present in the
enrichment culture. Perhaps theldNA 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 evalugBtl.1). Probably this number did not reer

sent all species occurring in the enrichment.

The second enrichment culture was inoculated with samples from a heating water system in
the Biocenter Klein Flottbe§d.1). Decades ago, such kinds of wasgistems were found to be
marnmade thermal habitats for bacteriéBrock and Boylen973). Compared with soil, the
diversity within this habitat is estimated to be lower, but the abundance of thermophiliebact
ria is probably higher. The phylogenetic analysis of the enrichment culture revealed thtat mos

ly species related tdhermus scotodiuswere present in the enrichmen8.1.2. Again, the
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guantity of analyzed clones should have been higher for a precise andlgsisnusspecies
are weltknown producers of lipolytic enzymgSigurgisladottiret al. 1993; Fucinost al.
2005) so the possibility to find a lipaggroducing bacterium in this enrichment was assessed

as relatively high.

42 aSilF3aSy2Yya0a FyR aAaONBSyAy3d YSUK2R
The metagenomic library constructed from the soil and water enrichment culture @MMSM
enrichmen) comprised 38.38 Mb and the heating water enrichment cultureTl{ermus

enrichment) a total 08.45 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 screeningdsetbspecially
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
(Pleisset al. 2000) Thereby, recombinant enzymes that dtmctionally expressed and active

can be detected that probably contain unknown sequence motifs.

Screening of the metagenomic libraries was performed with the stimained ester substrate
tributyrin (G, TBT) and longhainedpNP esters. Interestinglypse clones further investiga

ed in this study were often not clearly active on TBT and were finally screened positive-at te
peratures between 50 and 75°C pNP dodecanoate (& 3.3). The microtiter plate screening
with pNP esters of different-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 pNP dodecanoate in th&hermusenrichment library and

one in 1083 clones from the MSkhrichment showed activity on this substraf 3).

Although LipS and LipT were screened positive pNR sulstrates, the esterase EStSE5 was
detected with the common TBT test in the metagenomic library constructed with DNA from a
biofilm growingon the valve ofa drinkingwater pipeline(3.4; Schmeisser 2004Esterases and
lipases are exoenzymes that commonly occur in biofiims and are for example produced by
pathogenic bacteria. The biofilm formirgaphylococcus epidermidigcretes lipases as wir

lence factors that playn important role for host tissue colonizatigdhanget al. 2003) The
esterase EstA produced By aeruginos®AOlis bound on the outemembrane and is esse

tial for rhamnolipid production. Rhamnolipids, however, play a-tadg for cell motility and

biofilm formation(Wilhelmet al.2007)

Previously, the esterase EstA3 was discovered in the same metagenomic library like ESt5E5
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and was subsequently characized (Schmeisser 2004; Elerd al. 2006) Unlike ESt5E5, the
amino acid sequence of this esterase shared 59% identity wittaatamase fronSphingopx-

is alaskensigZP_00579205.1). EstA3 acted preferably on stioained ester substrates like
PNP butyrae (G) and had its optimal activity at 50°C. Environmental biofilms provideieond
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 mened, i. e. the metagenomic libraries of an elephant
feces enrichment as well as directly of elephant feces, of enriched fluids from a hydrothermal
vent (Thermococcalesonsortiumlibrary) and of sediment from the river Elbe in Glickstadt
and Teufelsbrii, altogether 95 clones were screened posit{gee Bble 12) The screening
was performed mostly on TBT and at 37°C, except fofTtihermococcalesonsortiuntlibrary
which was screened witbNP dodecanoate at 60°C, t¢@.8.2.2 3.4). Disappointingly, the
archaeal putative esterases and lipases from this cosmid librarywbeg screened active on
pNP dodecanoate only showed low vyields after cloning and overexpressign éoliBL21
(3.5.3 and activities in the standanoNP assay &0-90°C that were not higher than measured
for the cosmid clones. One of the genes had a significant similarity to a metallophosphoeste
ase gene fronThermococcus onnurinedAl (GenBank acc. nACJ16475.1) that was ident
fied as a hyperthermostable enzgmafter 2 h heatreatment at 100°C in a proteome study,
but it was not expressed i&. coli(Yunet al. 2011) In other studies, three enzymes from
Thermococcus hydrothermalise. anh-amylase, a NADPH group Il alcohol dehydrogenase
and a type Ill pullulanase, were successfully overexpresseddali{Antoineet al. 1999; Erra
Pujadaet al. 1999; Levequet al.2000)

Nevertheless, there are only few archaeal esterases known theg veeombinantly expressed

in E. coli One example is the thermostable and thermophilic esterase AFESRAfabiaeogb-

bus fulgiduswvhich has the best activity withNP hexanoate ¢CMancoet al. 2000. Another
recombinant esterase from the hyperthermophilarchaeonPyrococcus furiosushowed a
temperature optimum of 100°C and a high thermostability with a-litdfof 50 min at 126°C
(Ikeda and Clark 1998} was most active on the shechained MU acetate gcand analysis of
the cloned fragment and expssion studies revealed that the esterase coding gene was under
control of its own promotor of which transcription . coliwas initiated from. Perhaps better
yields could be achieved for the esterases or lipases originating fronThlkeemococcales
enrichment library, if the cloned fragments also contained their native promotor sequence
that seems to be recognized I coli Another promising approach would be to express the
enzymes in a modifiedhermococcustrain. Santangelo and coworkers developedhaittle

vector expression system that enables protein expression in Botboliand Thermococcus
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kodakaraensigSantangelat al. 2008) The shuttle vector expression of a tagged enzyme was
about 8fold higher than with chromosome expression. Finallyg #sterases or lipases from
the Thermococcalesonsortiumlibrary should be characterized, because they certainlg- po

sess interesting features concerning hagability and activity at high temperatures.

Only one clone from the metagenomic library of sediment from the river Elbe in Gluckstadt
was further investigated due to time constraints. But the identified esterase 143/F5 did not
show thermophilic properties and was thus not further analyzéd.4). However, for other
applications this enzyme as well as the other over 80 lipolytic clones from the difiédyeant

ies (Table 19 could possess suitable characteidstand thus it would be promising to dorfu

ther research on them.

7

43 [ 1 A&aATFAOLIOA2Y 2F GUKS fALRTI@GAO

Lipases and esterases were grouped into the eight major familiéié &nd eight subdivisions

of family | according to sequence homologies and phggical functios (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 sequg@cEs Chowet 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 foy

a BLASF¥earch(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:-B8-FT-G near the Nerminus, GL-SM-G-G containing the catalytic
serine, PI-N-A-A in the middle of the sequence andN-H-V-A-T withthe catalytic histidine.

The catalytic aspartate was located in &1 motif. From the LipS group, only one esterase
was characterized until now. The esterase EstGtA2 f@wubacillus thermodenitrificansas
expressed irE. coliand dter purification, aspecific activity of 2.58 U/mg was measured under
optimal conditions ormpNP octanoate (£ at 50°C and pH 8.0, which is lower than the activity

of Lip§Charbonneawt al.2010)

The five members of the LipT group had very high amino acid sequence &etditach di-

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-FvanNG-
GSA-GA-Y-G-A motif. To current knowledge, thesnotated putative esterases have not

been characterized.

Although Est5E5 showed a certain sequence similarity to members of family 1.3, othar-physi

S
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logical criteria for these family members were not suitaf8e6.3. For the ESt5E5 group, 21
conserved motif blocks of at least five amino acids were found and the serine was located in a
T-GY-SQ-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 fam(ii¢®wet al. 2012)

44 |1 SGSNRf 232dza 2O0SNBELINBaarzy 2F (K

It is estimated, tht 60% of all heterologous genes are not expressef. inoli(Gaboret al.
2004)andtherefore, the large potential of interesting genes and proteins they encode cannot
be explored. StillE. colis the most popular bacterial expression host, becausiesahexpen-
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 ESt5ES i coli

The esterase Est5E5 had 84% identity to mseoved hypothetical protein fromcidovorax
radicisN35. According to current knowledge, no enzymes of this wiheait colonizing baa-

rium have been investigated for their potential as biocataly$tse overexpression of EStSES

was possible with yieldsf approx. 3.4 mg/g of cell pellet after klimg purification(3.6.4).

After concentrating the elution fraction§.7.5, the samples were analyzed by SBSGE

(2.7.7 and revealed several bands, of which one distinct band at 5thkDahe estimated size

of Est5E5. This band could be verified as Est5E5 by subsequent Western Blot immunoassay

detecting the Higtag (2.7.9.

4.4.2 Expression of LipT i&. coliand P. antarctica

LipT was only expressed with a low yield of approximately 1.6 to maximal 3.0 mg/gud-cell
let (3.6.4and 3.8.1) after Hig-tag purification, but it showed relatively high activity. In order to
reach this yield, thee. coliBL21 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 iwehe lo
activity of the lipase at this temperature. With a lower activityis less able to interfere with

the host metabolism or cell wall components ahi thus less harmful.

Many attempts were made to find the reason for the low level of enzyme proglu@nd to
increase protein yield. LipT contained a secretion signal sequ8.&) that could have been

recognized bye. colifor Seetranslocation, but no liplytic 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
nucleotidesand thus without a possible signal sequeneas also not successful concerning a
better yield. Probably ogla 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 Bf colj the expression was probably prevented a

an earlier stage. LipT had a 96% identity to a putative esterase Tl@rmus scotoductuSA

01. The codon usage &. colidiffers from Thermus scotoductu® 22.73% and tdrhermus
thermophilusHB27 even to 40.67% (http://www.gcua.de and http://www.kaalor.jp/codon)

As an examplek. colishows 100% relative adaptiveness to the codon GAT for the amino acid
Asp andThermus thermophilugiB27 only 5%. For this reason, the nucleotide$ipdf were
adapted to the codon usage & coliand the gene was sytmesized [Mr. Gene (GeneArt)eR
gensburg, Germany]. This attempt as well as the use of dheawlistrains like Rosetta and
Rosettagami 2 that provide rare codon tRNAs and enhanced disulfide bond formatiom-unfo
tunately also did not yield a higher amauof recombinant LipT. Other lipases frothermus
species had to be expressed in yeasts Kk&yveromyces lactend Saccharomyces cerevisiae
(LopezLopezet al. 2010; Rochaet al. 2011)with reasonably better results for unknownae
sons. While the esterase EstTsl (GenBank acc. no. ACS36170h&onus scotoductuSA0L

was successfully expressedincoli(du Plessigt al. 2010) an amino acid sequence compar

son showed that it was not related with LipT as it only had a low aaxigidentity 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 lactonase fromThermus scotoductuSAO1 (NCBI acc. no
ADW?21534.) according to a BLAS$Parch (Altschul ad Koonin 1998) Nevertheless, the
reasons for expression problems wilthermuslipases inE. colistill have to be further elue

dated.

As a low temperature expression showed good results, an expression host should be found
with an optimal growth temperatwe around 20°C. Thus, the strdn antarcticaShivaji 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 b
tween 4 and 30°@nd an optimum at 22°(Reddyet al. 2004) as well as sensitivity against
most of the antibiotics commonly used in molecular biol@8yg). The expression of LipT ih
antarcticawas compared to the expressionfn coli Unfortunately,P. antarcticasgrowth rate

was decelerated because of the vectors used (HPidGcible pBR2b and pMLSI; have a size

of 26.5 kb) and less of the enzyme was produced. By integration of-thelyimerasegene
carrying plasmid pML3%; into the genome, a better growth and a high level production may

be possible. By using the smaller, but not inblec broadhostrange vectopBBR1MGS, the
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growth rate was already better and the yield was higher than with pBR22HL).

After expression of LipT . coliBL21 andP. antarctica the enzyme was purified by 4din
chromatography(2.7.3 3.8.1) and the elution fractions were subsequently concentrated. After
purification fromE. coli severalbands were observed that could correspond with the size of
LipT expressed as monomeric ot (38 kDa), dinre(76 kDa) or a trimer (114 kD&;6.4
Figure13). As the esterase was highly stable against r=taturation, detergents and §o
vents, it would have been possible, that the protein does not denature during the usual sample
preparation (denaturing sample buffer; ® min inabation at 95°C)However, the Véstern

Blot analysis of LipT after an SBAGE under denaturing conditions verified a molecular
weight of 38kDa(Figurel4).

In contrast, the protein band pattern after expressionAnantarcticalooked differently. The
concentrated elution fractions of LipT purified frden antarcticdipT::pBBR1MGS contained
one protein fraction next to many others, that was consistent wfith estimated protein size

of LipT with approx. 38 k[¥a.8.1, Figure29).

When LipT was purified from the crude cell extract® ofintarcticacontaining the other co-
struct lipT::pBR22b, 10 protein fractions with sizes between approx. 16 and 100 kDa could be
observed after SDBAGH3.8.1, Figure29). None of the fractions corresponded with the est
mated size oB8 kDa folLipT asnonomer and only after a Western Blot immunoassay a-do
ble-band was clearly visible with approx. 38 and 3d@Xa that corresponded with Ligd8.8.],
Figure29). This doubleband could be the result of a pestnslational modification like e. g.
glycosylation or the protein was processed in some other @ayprisingly, a better activity
could be measured for LipT expressedPinantarctica0.39 U/mg) than afteexpression in E.
coli (0.12 U/mg)If it turns out thatP. antarcticaproduces enzymes that are probably more
active than their counterparts produced i coli this would be an additional advantage.wio
ever, these first expression tests indicate tlatantarcticacould be an ideal expression host

after deletion of interfering genes responsible for e. g. recombination or proteases.

4.4.3 Expression of LipS i&. coli

The amino acid sequence of the enzyme LipS was 100% identical with a putative esterase from
Symbiobacterium thermophilunhAM14863 Up to now, a gene encoding ayrosinase (tyo-

sine phenolyase) from aSymbiobacteriumspecies and a -N-acetylhexosaminidase from
Symbiobacterium thermophilunvere expressed ift. coliand used as biocatalys{keeet al.

1997; Ogawat 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 aftgitadjs
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purification (3.6.4). The yield of the protein was therefore even high enough for fredzng
without significant lossed.ipS was visible as one single bafdpprox. 31.7 kDa after dan

turing SDPAGE and W¥stern Blotanalysis.

45 9yT @Yl GAO LINPLISNIASE 2F 9aidpop=

Lipases have been defined as carboxylesterases that are able to act echingacylglycerols

with L0 carbon atoms in their acghain(Jaegeet al. 1999) Additionally, the saalledd G NXzS
fALI aSa¢ INB | OGAGIGSR 2y AYGSNFIFOSa o0cSigSSy
ture called lid that permits interfacial activation. Considering the last two criteria, LipS is clearly
a lipase, because its crystal structure revealed ahd it was active even @NP stearate ({g,

3.6.5.]. Besides, of all three enzymes tested, only LipS showed hydrolytic activity orbthe su
strates TBT, triolei and polyglycereB-laurate that were emulsified in the titrator and thus it
probably was the only enzyme activated at an interfé&€.5.10. The titration assais much

more sensitive than th@BTagar plate assay that is why the lipase showed much betteriactiv

ty on this substrate when measured in the titrator. LipT was able to hydrolyzecluaig si-

strates likepNP palmitate (¢) and stearate, though with ¥ activity (3.6.5.7, while ESt5E5

was only able to act opNP myristate (&) and no activity could be measured wighlP palni

tate andstearate 8.6.5.]). Besides, ESt5E5 was much more activepNi® butyrate (¢} and
hexanoate (€) than LipS and LipT. As it is unclear if the structures of both enzymesncanta

lid, both could be classified equally as an esterase or a lipase. Just to emphasize the difference
between LipT s activity on longpNP ester chain lengths, it was called a lipase in this work. It

is noteworthy that clear classification of enzymetilipases and esterases is sometimes not
possible, as eve@andida antarcticdipase B does not fulfill all criteria of a lipase with agnis

ing lidstructure and without activation at interfacéMartinelle et al. 1995; Trodler and Pleiss

2008)

The mostimportant characteristics that the lipolytic enzymes in this study should have were
thermostability, activity at elevated temperatures and on esters with {ohgin acyl residues.
Comparing the activities of the three enzymes, ESt5E5 was not sufficiattlg against heat
denaturation, as it was inactivated after 60 min incubation at 50°C and after 30 min at 60°C
(3.6.5.9. 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 9@R@Qurel?). Still, the highesstability was observed for LipS

with over 35% activity after 66 h at 70°C and over 50% after 4 h at(Bj@el7). Reasons

for this stability, amongthers, could be the rather compact and rigid enzyme structure with

flexible regions, a hydrophobic surface and the position of tharid Gterminal ends close to
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the core(3.7; Vieille and Zeikus 2001; Kanedlal. 2011; Radestock and Gohlke 2011; Kagtal
al. 2012) Compared with the homologous esteraseRiiodopseudomonasp., LipS contains
more stabilizing arginine residues (6.8% instead 0f42086) and less cysteine sensitive td- ox

dation (1.1% instead of 1-B%;Mrabetet al. 1992; Vieille and Zeikus 2001)

While the optimal temperature of EsSt5ES lied with 50°C in alenately thermophilic rage,

LipS and LipT were truly thermophilic enzymes with optima at 70 and 75°C, respectively
(3.6.5.9. There are only few lipolytic enzymeterived from metagenomes that show high
temperature optima as well as high thermostabil({fyable23). Most of the lipolytic enzymes
discovered in metagenomic libraries made directly from soil DNA possess a temperatdre opt
mum in the mesophilic range between 25 and 50°C and many areactNe, which means

they are most active at temperatures around 30°C or lower. As examples, the metagenomic
lipase LipCE has a temperature optimum atCG(Elendet al. 2007)and the metagenomicse

terase CHAS is active between 7 and 50 €athet al. 2009) This shows again that many-e
zymes have habitat related properties and thermophilic enrichment cultures help to select
enzymes with the desired characteristics. The carboxylesterase EstE1l was isolated from the
metagenomic library of a hot spriff@heeet a. 2005) Its maximum activity lied at 95°C, but it
was only active on shorthained substrates and had a thermostability which is comparable to
LipS and LipT. The lipase LiplAF5.2 from enriched biomass ebatétdreactor with tempea-

tures between 50 ad 70°C was very stable against thermal pressure as it retained 100% activ
ty after 4h at 90°GMeilleur et al. 2009) Still, its optimal temperature was more than 10°C
lower than the optimum of LipS and LipT. Theref@oegurrent knowledgelLipS and Lip@re

the first metagenomederived lipases revealing temperature optima at 70 and 75°C aid als

possessing high stabilities.

Table23. Metagenomederived esterases and lipases with temperature optima of at least 50°C.

Esterase/ Metagenomic library Ty Thermal stability Spec. activity Reference

lipase constructed with DNA (°C) U/mg (pNP
from substrate)

LipS soil and water san- 70 50% activity after 48 hat 12.03 (@) This study
ples enrichmen65°C 70°C and 4 h at 90°C. 6.04 (Go)

LipT enrichment of heating 75 50% activity after2hat 0.6 (Gp) This study
water samples 75°C 70°C and 50 min at 90°C. 0.4 (Gy)

EstA3 biofilm growing within 50 Inactivation when ing- 513.6 (Q) Elendet
drinking water n¢- bated for > 60 min at al. 2006
work 45°C.

EstMa hot spring soil, Ind- 50 n. d. 4.45 (@) Kimet al.

nesia 2006
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Esterase/ Metagenomic library — Toy Thermal stability Spec. activity  Reference
lipase constructed with DNA (°C) U/mg (pNP
from substrate)
Est2k fermented compost 50 68% activity after 15 min  17.1 (Q) Kimet al.
at 40°C. 2010
JkPO1 hot spring soil, Him- 50 80% activity after 75 min  2022.00 (&) Sharmaet
chalPradesh, India at 50°C; 50% after 5 min al. 2012
at 60°C.
LipAAc Brazilian Atlantic 50-60 100%activity after L hat 9.0 (Go) Faoroet
forest soil 50°C; 53% after 1 h at al. 2011
60°C; 33% after 1 h at
70°C.
LiplAF5.2 biomass of ded- 60 100% activity after 4h at  160.0 (Gy) Meilleur
batch reactor 90°C. et al.
2009
LiplAF16 biomass enrichment 60 100% activity after 30 min 4287.00 (¢ Cote and
in a fedbatchbiore- at 70°C; 30% after 30 min Shareck
actor at 80°C. 2010
EstEl hot springs and mud 95 80% activity after 12énin  n. d. (@) Rheeet
holes in solfataric at 85°C, 50% after 2 h at al. 2005
fields, Indonesia 90°C and after 2 min at
95°C.

Obviously, large differences exist concerning the specific activity of the lipolytic enzymes. They
vary between only few units per milligram (U/mg) and over 4,2thg. 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 @mper
ture optima up to 96°GTable24). Interestingly, the optimal growth temperature of these o
ganisms was sometimes up to 20°C lower (Est53) or higher (LipA, LipB) than their enzyme’s
temperature optimum(Kakugawaet al. 2007; Salameh and Wiegel 200The activities of LipS

and LipT were comparable to those enzymes and the stability was sometimes even better.
While Est53 and LipTth could be overexpressds. icoli LipA and LipB had to be purified from

the culture supernataniKakugawaet al. 2007; Salameh and Wiegel 2007; Rogeal. 2009)

In order to use the purified enzymes in biotechnology, high amounts of the enzymes-are r

guested that can most often only be achieved by heterologous overexpression.
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Table24. Enzymatic properties of LipS and LipT in comparison with esterases and lipases derived from
thermophilic organismsOnly enzymes with temperature optima above 60°C and activitpBR sib-
A0NF GSa gAGK xy Ouerdboésiderddi 2 Yad | a NB&aARdzS

Enzyme and orgas  Toy (°C) Thermal stability Spec. activity Reference

ism (optimal growth U/mg (pNP

temperature) substrate)

Est53,Thermotoga 60 >90% activity after 90 min at 60°C 13.0 (Gy) Kakugawa

maritima (80°C) 70% after 90 min at 70°C and 50% et al.2007
after 30min at 80°C.

LipA, Thermosy- 96 50% activity after incubation at 12.4 (@) Salameh

tropha lipolytica 100°C for 6 h and at 74.1°C for 24 and Wiegel

(60-66°C) with 0.5 to 2 M ammonium sulfate 2007
added.

LipB,Thermosy- 96 50% activity after incubation at 13.3 (@) Salameh

tropha lipolytica 100°C for 2 h and at 76.5°C for 24 and Wiegel

(60-66°C) with 0.5 to 2 M ammonium sulfate 2007
added.

LipTth, Therno- 75 80-90%eactivity after 24 h at 70 anc 12.15 (Gg) Royteret

anaerobacter the- 75°C, 20% after 24 h at 80°C, 50¢ al. 2009

mohydrosulfuricus after 2 h at 85°C and 50 min at

(70°) 90°C.

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 am abtivity of LipS and LipT

and some even lowered the enzyme acti3y6.5.4. But surprisingly, ESt5E5 showed a more
than 3.5 times better activity when 10 mM €was added to the hydrolysis reaction pNP
substrate (Figure20). The activity was also significantly higher in the presence of E4",

Mg®, Mn** and ZA*. Until now, many oxidases and reductases are known as copper proteins,
but for esterases, this strongly stimulating effect is unusual. StilC#ndida rugoséipase, an
enhanced activity and enantioselectivity under influence of a weakly acidic pH &hib@

could also be observegKuet al. 2006) In case of this lipase, this led to the assumption that
the pH variation and Cliaddition effected a changa iconformation and/or flexibility of the
lipase structure which led to the activity enhancement. Structural analysis is necessary in order

to find out how Céiions are able to enhance the hydrolysis reaction of ESt5E5.

The optimal pH of the enzymes lied an alkaline pH range. While LipS and LipT were most
active at pH 8.0, ESt5E5 had a pH optimum 0f(8.6.5.3. Most bacterial lipolytic enzymes

have their optinum in a neutral to alkaline pH rang&uptaet al. 2004) The pH optima for
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esterification reactions can differ from the optimal pH for hydrolysis react{@uhe et al.

2005) but this was not further investigated in this study.

Like many other esterasemd lipases, ESt5E5, LipS and LipT showed relatively high stability
against different inhibitors, solvents and detergents that were tested in different conmentr
tions (3.6.5.5 3.6.5.9. 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, hydrophobicigaces and the presence of disulphide bori@sipta and Khare
2009) For some proteases, these features have been shown to be crucial, but for many este
ases and lipases, these structural reasons for solvent stability were not deeply investigated
(Bornscheler et al. 2002; Gupta and Khare 200$or many enzymes, a correlation between
enzyme thermostability and resistance to denaturation in organic solvent has been observed
(Owusu and Cowan 1989; Burtem al. 2002) However, this stability is especially @isefor
industrial applications, because esterification reactions are taking place waqueous media,

i. e. organic solvents, or in ionic liquiReetz 2002)Furthermore, the enzymes can retain

stability even when they are added to household cleapiragucts.

The enzymes Est5ES5, LipT and LipS were testgiNBnesters that contained sterically more
complex residues than thpNP substrates tested befor@.6.5.§. As pharmaceutically and
chemically relevant substratesphenylpropanoate (rac),-Bhenylbutanoate (rac), cyclohax

noate, 2(3-benzoylphenyl) propanoate=ketoprofen), 2naphthoate, tnaphthoate, adama-
tanoate and 2Z(4-isobutylphenyBN-(4-nitrophenol) propanamide €ibuprofenmide) were p-

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 subgiFatde 10)

and not all lipolytic enzymes are active on th@gtendet al. 2006) but still ESt5E5 was able to

act on Inaphtoate and adamantanoate while LipS was hydrolyzingpghtoate (Table19). 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 substra®s(R)-2-
methyldecanoic acid ester, Sf/rac-/(R)-2,3-dihydro-1H-indene-1-carboxylate
(sindancarboxylic acid ester)Qf/rac-ibuprofen ester and9-/rac-/(R)-naproxen ester in ao-
parison with the commercially available fungal lipases frGandida antarcticdCalB) andRHh-
zopus oryzadROL;Table11). The ester substrates containggNP or methylumbelliferyl as
chromogenic or fluorescent residues in order to investigate if there are differences concerning
the reaction and to verify the respective results. Tdetection method for the fluorescence

signal of the MU residue was more sdiva. AsTable22 shows(3.6.5.8, ESt5ES5, LipS and ROL
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preferred the R-enantiomers of each substrate, while LipT mostly preferred tRg (
enantiomas except for naproxen, where showed §-selectivity on both MU ang@NP ester.
CalB generally preferred th&{enantiomers of the substrates, but it showdg-Eelectivity for
the MU ester of naproxen andtselectivity for itspNP ester. The MU residue is bigger than
PNP and obviously theR-enantiomer of naproxen MU ester fits better into the catalytic site
of CalB.

LipS most often had the highest estimdtévalues up td&=10.3 for the R-enantiomer ofpNP
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 thebigger MU molecule as residu€his could be due to the relatively narrowbsu

strate pocket of Lip$3.7). The exceptionally high selectivity of LipS for tReghantiomer of
ibuprofen was measured separately by HPLC, where an enantiomeric ex€eskrfiore than

99% and an enantioselectivity of E=200 could be determined for the phenyl(8665.9. This
feature is especially valuable for LipS™ applicability in the production of optically pure building
blocks. Not many wildype lipases are able to act with such a high enantioselectivity and often
the enzymes have to be gmeered to do so. With random mutagenesis by means of error
prone PCR, values lile25.8could be reached foPseudomonas aeruginosi@ase acting on
2-methyldecanoic acigpNP ester. Five amino acid substitutions within the varizauised this
higher enantioselectivity in contrast the wild-type enzymehat only had E1.1(Liebetonet

al. 2000) By directed evolution, the enantioselectivity ©andida antarcticéipase A was shif

SR FNBY 9Tubun FT2N) 0KSI g RaEREBIXNAA Ge iyaDKI 6B
ant acting o' -substitutedpNP ester¢Engstromet al. 2010)

It is important to mention, that nosteroidal antiinflammatory drugs (NSAIDs) like naproxen,
ketoprofen and ibuprofen are physiologically much morévacas §-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 p8rer(antiomer

(Carvalhcet al.2006)

The three engmes Est5ES5, LipT and LipS were tested for their activity -oangli polyglyce

ides using the pistat method(3.6.5.1Q. ESt5ES5 and LipT, however, were not active orutrib
tyrin (TBT), triolein and polyglyces®llaurate although at least on TBT activity could lie o
served for ESt5E5S on agar plates. Probabéy éhzymes were not activated at the lipihter
interface like LipS, but the measurements should be repeated when higher yields ofi-the e

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 Lip®p¥!
laurate and Hetradecyl myristate were synthesized in an expearintal scale(3.6.5.1). By
adjusting the reacting conditions and by applying the lipase immobilized on cbedels, the
turnover rates could be improved. Immalkigd enzymes are more stable and can be used r
peatedly. Besides, they can easily be separated from the reaction and the product
(Bornscheuer 2003As LipS was able to catalyze the solfess synthesis reaction with long
chained lauric acid (¢} and myistic acid (g,), it seems to be a suitable lipase for the produ

tion of emollient esters that are desired ingredients for skame products. Still, furtherer
search has to be done concerning the synthesis of highly viscous cosmetic compounds like
polyglcerol3-laurate and myristyiyristate (Muller et al. 2010)and the activity and reusabi

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 puresecondary alcohols are used as intermediates and building blocks for dhe pr
duction of pharmaceuticals. Regarding the kinetic resolution of secondary alcohols that was
measured by gas chromatograp(B.8.6), LipS showed rather lovR(selectivity for tphenyt
1-propylacetate and Jhenytl-ethylacetate (E=3). In contrast, it was highlyR(-selective for
1-phenyt2-butylacetate and dphenyt2-pentylacetate with aree of more than 96% andpa

prox. 50% conversio(8.6.5.13. Obviously, the selectivity of LipS was higher when the chiral

center was one Gkyroup farther away fronthe aromatic ringChowet al.2012)

z
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Two different variants of LipS, the wdlgpe (LipSNT derived fromipS:pETM11+26) and LipS

His (derived fromlipS:pET21g 2.2), crystallized in two different space groups ($@rsiniet

al. 2012; Chowvet al. 2012. LipSWT crystallized with a higher resolution in SG(®4) and a

high electron density around the catalytic Ser1l26 and H257 could be observed. This density
was supposedly caused by spermidine which was added to this variant for improvement of the
crystallizationprocess 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 assé/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 crystllie enzyme together with

a pNP sibstrate unfortunately failedAnother reason could be that the crystallization process
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was carried out at room temperature and the lipase was thus not activéftedsiniet al.
2012) A comparison between the enzyme stiwe 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
paralleli -strands (6 andi 7) and oné"-helix { D). A structural alignmen{Chowet al. 2012)
revealed a high similarity between the unusuatdiducture of LipS and the inserted domains
of the lipolytic enzymes Est1E frdButyrivibrio proteoclasticué®DB code 2WTMGoldstoneet

al. 2010, the human nenoglyceride lipase (MGL; 3PE&halkHihi et al. 2011), EstD from
Lactobacillus rhamnosy8DKRBennettet al.to be publishel, the esterase LJ0536 frolnac-
tobacillus johnsoni(3PF8 Lai et al. 2011) and Est30 fromGeobacillus stearothermophilus
(1TQHLiuet al.2004). The findings are illustrated iFigure31.

A)

Figure 31. Cartoon representation of inserted domains of lipolytic enzynf&sperimposition of the
inserted domain of LipS (red) with EstlE (2WTM, orange) ahd0536 (3PF8, turquoise), iB)man

MGL (3PES6, purple) and E3tD (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 tan EMBOSS Needle sequence alignment (http://www.ebi.ac.uk/Tools/psa/
emboss_needle/) between LipS, EstlE 438536, the identities were rather low. LipS and
EstEl 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 bacterilButyrivibrio proteoclasticuand LJ0536 from the gastioi
testinal Lactobacillus johnsoniere structurally mossimilar to LipS, their activities should be
compared to eah other. The feruloyl esteradest1E andhe cinnamoylesterasel. J0536 were

mostly characterized on cinnamic acid esters and other compounds that were supposed to be
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similar to their native subsaites(Laiet al. 2009; Goldstonest al. 2010) EstlE was somehow
active onpNP dodecanoate anpNP palmitate but the activity was not further quantified and
the assay was performed at 37(@oldstoneet al.2010). The temperature optimum of LJ0536
only lied at 20°QLaiet al. 2009. Accordingly, the enzymes” structural similarities do nat-ne

essarily mean similar activities.
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Like in many other studies that focused on regarding the applicability of the enzymes in bi
technology, the three metagenomic enzymes were not further studied concerning the role
they play for their native organism. The lipolytic emeg characterized in this work were all
derived from heterotrophic bacteria. LipS was most likely derived f@ymbiobacterium
thermophilum a thermophilic bacterium that was first isolated from comp@Stizukiet al.
1988) Through the degradation of plamaterial, the temperature within a compost stack can
reach over 63°(Harperet al. 1992) and thereforeSymbiobacterium thermophiluie adapted

to this temperature. One can only speculate, that LipS could fulfill similar tasks like EstlE and
LJO534Laiet al. 2009; Goldstonest al. 2010)and that it could provide the host with carbon
sources as it is able to cleave phenolic acids like ferulic, caffeip-aadmaric acids that are
esterified to the plant cell wall or occur esterified with aromatic onigaacids within the plant

cell. In further studies, LipS should tested for its activity on the kinds of substrates.

The esterase Est5E5 had 84% identity toypothetical protein of Acidovorax radicidN35, a
Gramnegative wheatroot colonizing bactedm (Liet al. 2011) Other members of this genus
were isolated from activated sluddeleylenet al.2008) It could either be possible that ESt5ES
provides access through the wax layer on the plant cells during infection or that it degrades

carboxylic estes that are present in the surrounding area.

As LipT supposedly originated fromThermusspecies, its function could also lie in providing
the host bacterium with carbon sources that occur in the thermal environment. Nonetheless,
an interesting issue wodlbe to find out if LipT indeed exists in a glycosylated form and if this

form is able to interact with the outer membrane Bhermussp. and perhaps also & coli.
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In this study, over 100 lipolytic clones were foulng functionbased screening of different
metagenomic libraries. Although it was not possible to examine every single clone, two inte

esting novel lipases and one carboxylesterase were characterized in detail. Among other useful
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characteristics, the enzymeshowed the desired thermostability and activity on lecttpined
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 ttie 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 othersubstrates, e. g§-enantiomers or esters with longer aegthain lengths. Probably

for LipT and ESt5ES a better substrate specificity or respectively a higher temperature stability
could be achieved with sitdirected mutagenesis, error prone PCR or gaion mutagenesis.
Furthermore, immobilization could be carried out with LipS for testing its activity in otlmer sy

thesis reactions and perhaps for applying it later on in a reastate.

The other metagenomic lipases and esterases remaining shouldhdraaterized and other
ways should be found to improve the expression rates of recombinant enzyntescolias
well as in the psychrophilic bacteriuhh antarcticawhich disclosed very suitable and useful
characteristics as a heterologous host in thigdst Therefore, recombinant expression can
further be enhanced by improving the expression systems and its growth conditions for reac

ing high cell densities.
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Carboxylesterases (EC 3.1.Jafjl triacylglycerol lipases (EC 3.1.1.3) are lipolytic enzyntes ac
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 thuscustomized 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 thermdstdipbases and

one carboxylesterase are described.

Two different longterm enrichment cultures that were either inoculated with heating water
from the Biocenter Klein Flottbek (Hamburg, Germany) or soil and water samples from the
nearby Botanial Garden wre maintained at 7&nd 65°C for 3 weeks. Microbial communities
were characterized on a phylogenetic level gmévalently contained organisms related to
Thermusscotoductugup to 100% of the culture) arBymbiobacterium thermophilugapprox.

80% of the culture). From the genomic DNA, metagenomic libraries were constructedeusing
coliEpil00as host bacterium. Functional screening of these libraries using tributyrimplsRd
substrates (¢€and G,) between 50 and 70°C resulted in tidentification 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. lHpdm six other metagenomes constructed
within the working group, altogéter over 100 clones with lipolytic activity were screened. The
esterase Est5ES was found by tributysicreening together with six other lipolytic clones hwit

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 esterasé&inomiobacterium
thermophilumlAM14863 and LipT had 96% identity to a putative esterase frbermus sa-
toductusSAO1, whereas Est5E5 showed 84% identity to a conserved hypothetical protein from
Acidovorax radici®35. None of these three enzymes could be grouped into any of the eight
described lipase and esterase familwgh current alignment methods. Thus, thayay
constitute members of new familieAfter overexpression i. colBL21 (DE3) and subsequent
His-tag purification, the recombinant LipS (32 kDa) revealed very high thermostability with
50% residual activity after 48 h incubation at 70°C while 13fTkDa) possessed 50% residual
activity after3 h at this temperature. ESt5ES (50 kDa) was less-btsditle 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 i

hibitors tested and were most active between pH 8.0 and 8.6.

LipS and Est5E5 showed the highest specific activifgNfBroctanoate (§212.0 and 7.7 U/mg,
respectively) and LipT fopNP decanoate (& 0.6 U/mg). In contrast to ESt5ES5, LipS and LipT
also showed activity opNPpalmitate (Ge) and stearate (fg). Furthermore, the three enzymes
acted on pharmaceutically relevant chiral substrates like naproxen andafarpesters. LipS
was highly R-specific for ibuprofen phenyl ester with an enantiomeric excessdf over99%

as well as for acetates of secondary alcohdlphenyl2-butylacetate and Jphenylt2-
pentylacetatg with anee of more than 96%lnterestindy, LipS was able to synthesize the e
ters Lpropyl laurate and Zetradecyl myristate at 70°C under nagueous conditions in
comparable rates to the commerci@landida antarcticdipase B. fie structure of LipS was
solved by Xay crystallographic analgs with a resolution of 1.98 and thecrystal revealed an

unusual and compact kgtructure in a closed conformation.

Furthermore, Pseudomonas antarcticé&hivaji 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.(g. sensitivity against common antibiotics, secretion systems
type Hll, Vb, VI, Sec and Tat) and showed promising results in comparison witmtRted

E. coliBL21 (DE3) concerning enzyme yi&lddoli 3.01 mg/g of cell pelleR. antarctica1.15

mg/g) and activity of LipE( coli0.12 U/mgP. antarctica0.39 U/mg).
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Carboxylesterasen (EC 3.1.1ubd Triacylglycerelipasen (EC 3.1.1.3) sind lipolytischeyEnz
me, die sowohHydrolyse als auch SynthesReaktionen an Esterbindungen von einer Vielzahl
an Substraten katalysieren konnen. Industrielle Produktionsprozesse bendtigen oft hoke Rea
tionstemperaturen und daher passende Biokatalysatoren mit hoher Thermostabilitat. Dennoc
stammen die meisten der heute genutzten Lipasen aus mesophilen Organismen und sind anfa
lig fir Hitzedenaturierung. In dieser Arbeit wurden zwei neuartige thermostabile Lipasen sowie

eine Esterase identifiziert unich Detailcharakterisiert.

Zwei versclddene Anreicherungskulturen wurden zum einen mit einer Heizungswasserprobe
aus dem Biozentrum Klein Flottbek (Hamburg, Deutschland) und zunneanihit Boder und
Wasserproberaus dem benachbarten Botanischen Garten inokuliert und bei 75 bzw. 65°C fir
drei Wochen inkubiert. Die mikrobiellen Gemeinschaften wurden phylogenetisch charakter
siert und enthielten vornehmlich Organismen in enger Verwandtschafttmrmusscotodic-

tus (bis zu 100% der Kultur) urgymbiobacteriunthermophilum(ca. 80% der Kultur). Mit der
genomischen DNA wurden anschlieBend Metageiibliotheken inE. coliEpil00 als Wig-
bakterium konstruiert. Durch deren funktionsbasierte Durchmusterung auf Tributyrin und mit
pNRSubstraten (¢und G,) bei 50 bis 70°C konmezehn lipolytische Klone identifiziert we

den. Zwei dieser Klone, die in vorangegangenen Tests hohere Aktivitat zeigten, wurden weiter
untersucht und die jeweiligen Lipasen als LipS und LipT bezeichnet. In sechs anderext Metag
nomen, die innerhalb der Arlitsgruppe konstruiert worden waren, wurden insgesamt tber
100 Klone mit lipolytischer Aktivitat gefunden. Die Esterase ESt5E5 wurde zusammen mit sechs
anderen lipolytisckaktiven Klonen bei der Durchmusterung auf Tributyrin in der Metagenom
Bibliothek eins Biofilmsgefunden, der sich auf dem Absperrschieber einer Trinkwasserleitung

befand, es wurde jedoch nur ESt5E5 genauer charakterisiert.

LipS war auf Aminoséawebene identisch miginer annotierten Esterase vd8ymbiobacterium
thermophilumlAM14863 undLipT besald 96% Identitdt zu einer putativen EsteraseTvn

mus scotoductu$SAO01, wohingegen Est5EAI 84% identisch mit einem konservierten ogp
thetischen Protein vorcidovorax radicidl35 war. Keines dieser drei Enzyme konnte mit-ga
gigen Abgleichurginethoden einer der acht beschriebenen Lipased Esterasé-amilien -
geordnet werden. Sie kénnten daher Mitglieder neuer Familien darstellen. Nach Uberéxpress
on inE. colBL21 (DE3) und anschlieBendersithg Aufreinigung zeigte das rekombinante LipS
(32 kDa) sehr hohe Thermostabilitdt mit 50% Restaktivitat nach 48 Std. Inkubation bei 70°C,
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wahrend LipT (38 kDa) bei dieser Temperatur nach 3 Std. 50% Restaktivitat beibehielt. ESt5ES
(50 kDa) war weniger hitzestabil und besafd nach 40 Min. bei 50°C S08ktR@at.

Mit Temperaturoptimavon 70°C (LipS), 75°C (LipT) und 50°C (ESt5E5) zeigten alle drei Enzyme
thermophile Eigenschaften. Zuséatzlich waren sie gegen die meisten der getesteten Losungsmi

tel, Detergentien und Inhibitoren stabil und waren im Behevon pH 8.0 bis 8.6 am aktivsten.

LipS und ESt5E5 zeigten die hochste spezifische Aktivitgi\fgdOctanoat (g 12,0 bzw. 7,7
U/mg) und LipT fipNRDecanoat (¢; 0,6 U/mg). Im Gegensatz zu Est5E5 konnten LipS und
LipT auchpNRPalmitat (Gg) und -Stearat (Gg) umsetzen. Die drei Enzyme waren auch auf
pharmazeutisch relevanten chiralen Substraten wie Naproxen und Ibuprofen aktiv. LipS besaf}
hohe R-Spezifitdt auf lbuprofeiPhenylester mit einem Enantiomereniberschuss) (von

Uber 99% und auf Acetatesekundarer Alkohole (Pheny2-butylacetat und 1Phenyi2-
pentylacetat) mit eineneevon Uber 96%. Interessanterweise war LipS in der Lage, die Ester 1
Propyllaurat und 4Tetradecylmyristat bei 70°C unter nichtwéssrigen Bedingungen tin ve
gleichbaren Ratemwvie die kommerziellecCandida antarcticd.ipase B zu synthetisieren. Die
Struktur von LipS wurde mit Rontgenkristatrukturanalysen zu einer Aufldsung von 1489
aufgeklart und offenbarte eine ungewdhnliche und kompakte-Stidiktur, die sich in einer

geschlossenen Konformation befand.

Weiterhin wurdePseudomonas antarctic8hivaji CMS35 verwendet, um die Expression der
bereits erwdhnten Lipase LipT bei niedriger Temperatur zu verbessern. Fir diesen Zweck wu
de das Genom sequenziert und analysiert. Daygprophile Bakterium wies passende Chkara
teristika auf, um als heterologer Wirt zu dien@n a. Sensitivitat gegenuber haufig genutzten
Antibiotika, Seketionssysteme Typ-lll, Vb, VI, Secnd Tat)und brachte vielversprechende
Ergebnisse im Vergleich zu IRm@uziertemE. coliBL21 (DE3) beziiglich Enzymausbédbte

colii 3,01 mg/gZellpellet;P. antarctica 1,15 mg/g)und Aktivitat von Lip{E. coli 0,12 U/mg;P.
antarctica 0,39 U/mg)
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71 {SljdzSyO0Sa 2F CZARLSWHAIABWECALIFER (GKSAN
LINA YSNI aS1jdzSy OSa

7.1.1 pCos5E5 frona metagenomic library constructed with DNA from adsilm

growingon avalve ofawater pipeline

>estl(=estbEH

ATGGTCGCTAGGGCGCAGGTGCGCGCAGATGCTGCGTTACATCCGCCGACATAGCCCACATGAGAGAGGA
GACCATGAAGTACTTTCGCCTGACCTGTATCGCCGCCGTAGCGGCACTGCTCGCCGCTTGCGGAGGCTCC!
CGCCGGACGCGGCGACCTGGTGGAGCTCCCCGTCACCCTGACCACTTTGACGGCCGACCAGATCGATGCC
CCACGTCCAGCGGCCTCAGGGCCGOATHBCACGGTGCGACGTGAAGGTCGTGGCGCTCAACTACTCA
CGGCAGGCGCCAAGGCCGGCGAACTCACCAACGCCTCGGGCGTGATGCTGGTGCCCGCAGGCAGCTGCA
GAGAAGGCTGCCCTGCTGGCCTATGCCAAGGGCACCGATGTGCAGAAGCCCCGCACCCTGGCCAACCCGC
CAGCGAGACCTTCCTGCTGGCCGCCATGTACGCCTCGCAGGGCTATGCGATGATCECGAGTTT
GCCAAGTCGGGCTACAGCTACCACCCCTACCTGCACGCCGATTCGGAAGCCACCTCGGTGATCGATTCGG’
GCCGCACGCAAGGTCGCCGGCTCGGTAGGAGCCAACCTGTCGGGCAGGATCCTGTTCACCGGCTACTCGC
CGGACATGCCTCGATGGCCGCGCACCGTGCCGCCGAGCGCGACTACGGCAACGAATTTGACGTGGCGGCH
GCCCACCTGGCAGGGTACAACCTTTCGGGCTCGCTGCGCATTCCGGACGCGATCGCGGGCGTGCAGTTCT
GTGCCCTACCTCGTGACGGCCTGGCAGAAGGTCTACGGCAACATCTATTCCGATGTGAAGCAGGCCTTCAA
CCGTACTCCAACTATATCGAGACGCTGCTGCCCAACCCGACGATGAACTACACCACGCTGGTGACCTCGGCG
CTGCCGGGCGGCACGCCCAACCAGGCACGCCATIRIITGITCTTCCTCGCCAGCAGCCAGACGAA
CGTGAACGACCCGCTCTACCTGGCCGCCCAGAAGAACGACCTCCTGGGCTGGACGCCCAAGTCGCGLGTC
GTGCGGTGGCTCGGGCGACCCCACGGTGCCGCCTGCCGTGCACCAGCGCGTGATGGCCGCCGATTTCGC
GCGGCGTGACCAACGTGATCTCGGTGGATGTGGACGGGCCCATCCAGGCCACCTTCGGECCLCGGLGGLG
CCCACCGACCCGACTTCTGCAGCCTTTGCCACCTACTACGGCGCCTACCATGGCACCTATGAGCCACCGTT
ATGCCCAGGCACGCGCCGCCTTCGACATCATCGTGAAGTAA

Primerestilfor/rev seeTable5
>est?2

ATGGCAGAACGGTGGCTCATAGGTGCCATGGTAGGCGCCGTAGTAGGTGGCAAAGGCTGGAGAAGTCGGC
GTGGGCGCTGCGCCGCCGGGGCCGAAGGTGGCCTGGATGGGCCCGTCCACATCCACCBAGATCACGTTG
GCCGCGGGCCGCGAAATCGGCGGCCATCACGCGCTGGTGCACGGCAGGCGGCACCGTGGGGTCGLCCG
CCGCACAGCAGCACGCGCGACTTGGGCGTCCAGCCCAGGAGGTCGTTCTTCTGGGCGGCCAGGTAGAGCH
GTTCACGTTCGTCTGGCTGCTGGCGAGGAAGGCCGGCTGGAACAGCGCATCGCGTGCCTGGTTGGGCGTC
CCGGCAGCGTGCCCGAGGTCACCAGCGTGGTGTAGTTCATCGTCGGGTTGGGCAGCAGCGTCTCGATATA
GAGTACGGTGCCTTGAAGGCCTGCTUGBAATAGATGTTGCCGTAGACCTTCTGCCAGGCCGTCACGAGG
TAGGGCACGAAGAACTGCACGCCCGCGATCGCGTCCGGAATGCGCAGCGAGCCCGAAAGGTTGTAGGGCH
CAGGTGGGCGCCGGCCGCCACGTCAAATTCGTTGCCGTAGTCGCGCTCGGCGGCACGGTGCGCGGCCAT
CATGTCCGCCCTGCGAGTAGCCGGTGAACAGGATCCTGCCCGACAGGT BHEEERUFIACCTRGC
GTGCGGCGCGCACCGAATCGATCACCGAGGTGGCTTCCGAATCGGCGTGCAGGTAGGGGTGGTAGCTGTA
GACTTGGCAAACCCGAGGTAGTCGGTGGCGACCACGGCATAGCCCTGCGAGGCGTACATGGCGGCCAGC
AGGTCTCGCTGTCCTGCGGGTTGGCCAGGGTGCGGGGCTTCTGCACATCGGTGCCCTTGGCATAGGCCAC
GCAGCCTTCTCGCGGEGRGCTGCCTGCGGGCACCAGCATCACGCCCGAGGCGTTGGTGAGTTCGCCGGCCT
GCGCCTGCCGTGTAGTAGTTGAGCGCCACGACCTTCACGTCGCACCGTGCCTTGCCGGCAAGGGCCCTGA
GCTGGACGTGGTGCCCGCATCGATCTGGTCGGCCGTCAAAGTGGTCAGGGTGACGGGGAGCTCCACCAG(
CGCGTCCGGCGTCGTCGGAGCCTCCGCAAGCGGCGAGRBGEGCGGGATACAGGTCAGGCGAAA
GTACTTCATGGTCGCAATCCTCTCTCTATGTGGGCTATGTCGGCGGATGGTAACGCAGCATCGTGCGCGCA
CGCCCTAGCGACCATTAG
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Primerest2for CATATGCAGAACGGTGGCTCATAG
Primerest2rev AAGCTATGGTCGCTAGGGCGCAGGTGC

>est3

ATGGTTGTTGCAAAAAAGCACGGTCGTGCTTTTTGTAATCTTCTTTCCTGGAGAACTCCCTTGAACACAAGAC
GCAAGACCGCCCTTTCGGTGCTGGCAACGGCCTGCCTGCTCGCAGCATGCGGTGGTGGCGGCTCGGACA(
CCTGCGGCGCCCGTGGCCTCGGTGAAAGTGGCTGGCGACAGCCTGGCCGACAGCGGCACCTTCGGCTAC
CACCGTGCAGGGCACGGCCGCCACCGGABCAACGCCGATCTGGCCCGAGCGCGTGGCCACCAGCTATG
GCCAGTCGCTGTGCGCACACTACGTCTTCAACGGCACGGCGTTTTCCGCCAATGCCGCCTGCTCGAACTAT
GGGCGGCGGGCGGATCAACAACTTCACGGCGCCCACCTCGCCCGTGTCCATCACCCAGCAGCTCAAGGAC
GCAACGGCGGCTACACCGCCTCGGACCTGGTGCTGGTCGACGGGGGCGGGANUGABRIAGG
CGCCTACCTCCGGGCGGCTACCGACAATGGCCAGGCCTATGCAGCCGTGCTGGGCTCGGTGCTGCCTGLC
CGGTCAACGCCGCCCTGGCGGGTGGTGCCGCAGGCCAGGCCCAGGTGGGTGGCGCCTACATGCAGGCG!
ACAGCAGTTCGCGGCCACCATCAAGGCCAACACGGTCGCCAAGGGCGCTCCCCGCGTGGCCGTGCTGAAT
CCGGCATCACCCATMCCGCTTCCTGATGGTGCTGGCCTCGATCTCCGCCCAGCGCGGTGCCGAGGCCGL
AGCAGGCCGAGGCCCTGTTCGACGGCTGGGTCCAGGCCTTCAACGCGCAACTGGCCACAGCCTGGCCGG
AGCGCATCGTGGTGGTGGACTTCTACACATCTTTCAAGGACCAGTCGACCAACCCGGCCCAGTACCAGCTC
ACGCCACCACGCCAGCCTGCCCGGCCACGGGCOTCGRIINGBUEASALCCTACAGCTTCCCCACCTGC
ACGGCCGCAGCCCTCTCGGCCATGGCGCCACCTGCGGGTGCCCCCGGLCGGTGCGGACTGGTGGAAGAGC
CTTCTCCGACAGCTTCCACCCCACGCCCTATGGCCACCAACTGGTCGGGCAGTTGGTGTCGCGTTCGCTGT
GCGGGCTGGCTGTGA

Primerest3for CATATGTTGTTGCAAAAAAGCACGGTCGTG
Primerest3rev AAGCTCCAGCCCGCCCGGGACAGCGAAC

7.1.2 Thermococcalesonsortium

>esi71G8 1 (1.5 kb)

ATGGACGTTAAGAGGGCCCTTGCAATAATAGTTGCACTTCTCGCCCTCGCGGCGGTTTTATCGGCTCCAGT
GCAGAGACCTCAGTGATACCGGGAGAGATAATACTGAGACCCCTCCCGGGTGTTCCGGCAATAGGTCTCCC
GGACACAATAGAGGTAIAGEGCAGAAGGAGTCACGATCCAGGAGTTGCAGATAGTATCGATACTCCACGGTC
CGTACGACCTTAAGATACTGGGAACCGAAGACGGTGTCGTCAAGGCAAAGATACCCGAGGAGGCGGCTCC
GTTTATTTCCTAATCGTGAAGAGCGACAAGGGAGAAGTGACAATTCCAAACGGCGTCTGGGTAATGAAAGAC
ACCAAAGGTTCTCAAGATCGCCCATGGAAGCGATTTCCACIGRUIEMEIT GGGCTTCGTCTGTGG
GGAGTACTTCCAGAAGAGCATCCCCGAGATACTCAAGTACTGCGACGACCCGATACCAATGCACAGCTACA
CACTGACAGCTTCATGACGTACTACGCGATGGTCGACAGCGGTGAGGTAAACCTGATGGTAAGCACCGGCC
ACGTTGACACCAACGGTGACAAGAAGGGTTACCAGCTCTTCGATCTGGCAATCCTCCATGGAACCGCCGCC
TGCCCTTCATAGGCATCAAGGGCAACCACGACCACCCGCCGACCTACTACTCGAAGTACGTTGGCCCCAGC
CTACGAGGTCATCGGGAACTTCCTCATCATCGGTCTTGACAGCCGCGGTGAGGAGAGGCATCCCGAGATG!
AGCTCCAATGGATGGAGGATGTCCTTAAATCCCACCCGAACAAGACGGTCATAGTCCTGGTTCACCACCCC
GGTACAAAACCGACGAGGGGAAGTACGSTAAAGGGCTACACTGCCTTTGACGACAACGACTGGAGCGCC
CTCATGAAGTATGTAAGCTGGGACTGGGCCGGCAGAGATGGCCAGTACCAGGACATAGCCAGGTACTTCCT
CTCGTCGAGAAGTACAACGTCAGGCTCATCCTGGCGGGCCACATACACCACGACAAGCCGATACTGTACAT
CAAGGACGGGAACGAGCACTGGTTCTACACTCTAACCACCACGGGAGBGCAEGGARBBCTCCG
AGTAAGGCGGATATCCAAAAGGGCTACAAGATCCCAAGCTGGTACGGTTCCCAAGTCATATACGTCTACCC!/
CGGGACTGTAAGCTTCCCTGAGATAGACGATGTCCTCCGCCCGGGAATAAGCTCCCTGCCGGTTCCACAG/
TCGTCGTCCTCAGGCAGAACGGTGAGGATGGAACCGCCGTTCACTTCTTCAACAACCTCGGCAAGGCCGTC
GCCCTCTCGTGGEGATACCCGAAGGCGCCAAGGTGGACCCCGACGCGACCACCATAA

Primerest7r1G8 1(1.5 kb)for CATATGACGTTAAGAGGGCCCTTGCA
Primerest71G8 1 (1.5 kb) re\GGATOGTGGTGCGTCGGGGTCCACC
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>est71G8 1 (0.6 kb)

ATGCCGTTTAAACTGCCTATCTTTCGGAAAAGGGTCCTTGAAGTGCTCGCTTCCTCCGATGAGACCAAGGTC
ACGTAAGCGACACTCCCGAGAGTGTCTACCGCTTCATCGATGAGCTCATAGAAAAAACCCGACCCGATTAC(
TCCATACCGGCGACCTGGCCGACAACGTAAAGCTGGAGAGACGGCCCGAACTAAGACCCCGCTACCAGGC
AATAAGGAGGCTCGCCCACGTCCTANGGEGGGTGAAACTCTACGTCGTTCCGGGAAACGAGGACGACC
CGGAGCTGGTCAGGGAGTTCTTTAGGAAGGCCGTTGTCGATCCCGGGACAGTCGTGGAGATAGAGGGGAA
GGTTCGCCCTCGGTCACACCTGGAGGGACGTCCTTGAACTCGATGCGGATTTTAAGCTCTATGGCCATAAC
GCTCATCGAAAAGGGCCTGAACGGCGTTCTCGGCGTAAACTTTGTGCT GAGKEAIENACABGG
TAAAGTATCCCGGAGGGACGGATTTCGACAGGGGATATAAGATGTGGAGGGGTATGTGA

Primerestr1G8 2 (0.6 kb)for CATATGCGTTTAAACTGCCTATCTTTCGG
Primerest71G8 2 (0.6 kb)rev CTCGAGATACCCCTCCACATCTTATATC

>est73E12

ATGCTGATAGGTATAATGAGCGATACCCATGACAACCTGCTABGGATIITIGAGCTGTTCAACGGG
AGGAACGTTGAGCTTGTAATCCACGCGGGTGACTACGTTGCCCCCTTCGTTGCCAGGGAACTCAAGAAGCT
GCACCGCTCAAGGGTGTCTTCGGCAACAACGACGGCGAAAGGAAGGGTCTCTACGAGGCACTGGGGATAT
TGAGATACTGGAAATCGAGGCCGATGGCATGAAGATAGCGGTAACCCACGGCACCGATGAGCGCATAGTC!
CACGGCCAGAAGCAGGCTCTACGACGTTGTCATAGTCGGCCACACCCACCGCTACGAGATACGCGAGGAG
AGGACCATACTCGTCAACCCCGGCGAGGTCTGCGGCTACGTCACAGGAGTGAAGAGCGTCGCCCTGCTCG
TCGGAAGAGGGAGGTGCAGATAGTCAACCTCGACACCGGGGAGCTCCTGGGGGCAATGAGTCTCTAA

Primerest73E1Zor CATATGTGATAGGTATAATGAGCGATACCC
Primerest73E12ev CTCGAGAGACTCATTGCCCCCAGGAG

>est79/C1

ATGGAACTCTACAAGGCCAAATTCGGTGAACTAAAGCTCGGCTGGGTCGTTCTCGTCCACGGCTTAGGGGA
CAGCGGGAGGTATGGAAGGCTCATTTCGATGCTCACAGATGCCGGCTTTGCCGTCTATGCCTTCGACTGGC
CCACGGTAAGAGCCCCGGCAAGAGGGGGCACACGAGCGTCGAGGAGGCAATGGAAATAATCGACTCGATA
GAGGAGATCGGGGAGAAGCCATTCCTCTTCGGCCACAGCCTCGGCGGTTTAACCGTCATCAGATACGCAG/
GAGGCCCGATAAAATACGGGGCGTAATCGCTTCCTCGCCGGCCCTCGCCAAAAGTCCGGAAACGCCGGGC
GGTGGCATTGGCTAAGTTCCTCGGABBARTAGGAGTTGTTCTCTCCAACGGACTGAAGCCGGAGCTACT
CTCCCGGAATCCCGAGGCCGTGAAGCGCTACGTCGAAGACCCGCTCGTTCACGACAGGATTTCGGCCAAG
GAGGAGCATTTTCGTGAACATGGAGCTTGCCCACAGGGACGCAGGGAAAATAAAGGTTCCCGTGCTGCTARA
TCGGCACGGGCGACGTGATAACACCGCCCGAGGGCTCAAGGAAGCTCCAAGATENBEATBAG
ATGCTAAAGGAGTTCGAGGGAGCGTACCACGAGATATTTGAAGATCTGGAATGGGCAGATGAACTCCATAG
TATAGTGGAGTGGCTGGTCGAAATGGCAAAAAGGAAAAGCGTCAGATAA

Primerest79/Clfor CATATGAACTCTACAAGGCCAAATTC
Primerest79/Clrev CTCGAGACGCTTTTCCTTTTTGCCATTTCG

7.1.3 Elbe sediment'Glickstadt"

>est143/F5

ATGTGGGCGAGGACTACTTCTTCTACGACATCGGCGCGACGGCGTCGTGGGGCATCATCTCCGTCGATCTC
GGGTCAGCACCGACATCGACAACATCGACTGCTCGCTCGCCGACAACTGCGAAGGCGGCGTCGTACTCTC
TCGGCCGACCTGCCCGGCTAACGCCGGCGTCAAAGCGAACATGCAAAACCCCCGCGCCAAACGLCGGGGG
GTTTGTAGGCCTCGCCCAAGAACGCGAGCGCAGCCGCCTTGAACGCCTTGTCGCCGACGCTCGACATGTG,
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GCGCCCGGGAACCATCACGACACGCGCATGCGGCAACGCGTCGGCCBGGAGACGTGATGTTGT
CCTTCTCGCCCACAACCAGCAGCACGGGAACGGAAAGCCCCGCAAACTCTTCCGCCGTGAACGAGTGCCG
CGCGTCATGCACAGCGCCAGCGCCTCAAGGBCALIIGECTCCGCGAATACGCGAAACGTGCGTGGCACG
ACACCCACGATTTCCGACGCATCGCGTGCGCGCAGACCGGCCGCGATCGCATCCGTCTCCAACCGCCCGC
GTAGTAATTCTCGCCGACGCCGGCCACGATCGCCCGCCGGACCCGATGCGGCGCATCGTGCAGCACGCG!
TTATGAACCCGCCCATCGAGTACCCCATCAGATCCGCTTGCGCGTATCCCAGAGSATGBBSTCAAGC
CCGTAGCAAGCTCGCTCTCGTCATAAGCCTCGAGCCGATGCGGCTTGTCGCTCTGACCGTGCCCACGCAC(
GCGCGATCACCTGCCTGCCGGCCTTGGTCAGCGCGTCGTACCAATTCGGCGCGCGCCAGTTTATGCCCCG
ACGCGAACCCGTGAACCAGAACGATAGGCGGCCCCTCACCCAAAACCTCATAGGCAAGGTTCAACGGCCC
ACGGTCAGGAACGGCAGOCTCTTGA

Primerest143/F5or CATATEGGGGCGAGGACTACTTCTTCTAC
Primerest143/F5rev AAGCTGEGCCAAATGCCGTTCCTGAC
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Introduction mtrahelical salt bndges are more frequently observed i thermo-
) ) ) ) ) stable enmymes. Furthermore, the overall composition of amino
Lipolytic enzymes including lipases (EC 5.1.1.3) and carbox- acids appears to be of importance for the thermostability and

vlesterases (EC 3.1.1.1) are important biocatalysts employed for especially polar residucs that form additional hydrogen bonds

a large number of biotechnological applications [1-3]. Many appear to be of importance, Further the use of charged residues to

lipases exhibit high chemo-, regio- and enantioselectivity and are form additonal iomic interactions s yet another key rait of
tolerant against organic solvents which makes them even more thermostahle enzymes [10,11]. Recently it was also suggested that
atwractive for organic synthesis reactions [4,5]. the frequency of Asn-Glu could be a factor to distinguish between

A nariety of hiotechnologically interesting reactions require mesophilic and thermophilic proteins [12]. Estenfication at higher
elevated temperatures and thermostable rather than mesophile temperatures offers the advantages that the reactions can take
enzymes [6-8]. While the general prediction of thermestabilty of place at higher rates and the use of organic solvemts can be
an enzyme entirely based on the deduced amine acd sequence of avoided. The respective biocatalysts thus need to be thermo-
a protein is perhaps not reliable [9], several traits appear to be tolerant showing high activity at elevated temperatures above
asspciated with thermostable proteins. Mainly disulfide bonds and 70°C. Ideal resources for such enzymes are microbes bving under

PLOS ONE | wwow.plosone.ong 1 October 2012 | Volume 7 | lssue 10 | e47665
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extreme condibons [13,14]. While i the last decade many
thermostable ensymes - including a significant number of esterases
= have been uncovered, the number of tuly thermophilic and
hacterial lipases is still limited with less than ten thermostable
bacterial bipases being characterized to date. Among them is
a remarkably stable enzyme from Themmoanaerobacter thermofypdro-
sulfuriens (LipTth) and a lipase from Caldanosrebacter subtermanas
(LapCst) [15]. Further, several thermoactie hipases have been
reported mthe geous Gaobacelles [16-18]. Although these ensymes
are active at high temperatures, they appear o be less stable over
time when mcubated at elevated temperatures.  Furthermore,
thermostable lipases have been reported in different  Thermms
isnlates [19,20] and were recently expressed in thermophilic yeasts
[201,22]. A thermostable esterase from Themmus sofoductus has been
reported that was partially biochemically characterized [23].
Fmally, two thermostable lipases have been reported  from
Thermasmirgpha fpofrfica, an anacrobic, thermophilic, alkali4olerant
bacterium that grows symtrophically with methanogens on lipids
[24]. Both enzymes from this microbe were active at temperatires
of =90°C and showed remarkable half-life times at 100°C.

Furthermore, a mmmber of moderately thermostable lipases that
originated from fungi have been described and some of them have
been analyzed or optimized through evolutive strategies [25-28].
OF those, the most frequently wsed and best charactenaed
moderately thermostable lipase is CalB, which originates from
the mesophilic yeast Condide antarciea [25]. By applying several
rounds of protein engineering methods, the thermal sability of
CalB was improved greatly [29-31]. While these ensrymes were all
denved from cultvable bactena or fung, surpnsmgly, no tuly
thermostable lLipases  acing on  long-chan  pNP-esters  with
temperatire optima of 70°C or higher have been reported using
a metagenome-hased approach smce the first discovery of lipolyoc
enrymes from metagenomes over ten years ago [32,33].

Metagenome-hased technologies for the identification of nowvel
biocatalysts have been applied very successfully within the last
decade and have resulted in the identification of numerous nowel
biocatalysts [34,35). However, the hasic steps of accessing non-
cultvated microorganisms have been outhned earher and mchide
the isolaton of emvironmental DN As, cloning into small or large
insert vectors and amplification of these libraries in a suitable host
[36,37]. The libraries are then screened using a wide armay of
different methods. With respect to the screening and detection of
lipases and esterases in metagenomes [38], more than 100
metagenomic enzymes have been reported and in pant character-
ized [33]. Some of these enzymes reveal remarkable traits that are
potentially useful for bistechnologcal  applications and  have
broadened our knowledge on the diversity of lipases. Perhaps
the fist true lipase reported from a meagenome source was
described by Henne and colleagues [32]. Unfortunately, only
a fracoon of the metagenome-dernved lipolytc enzymes has been
characterzed in more detail concerning their strsctural features
[39-43].

Here, we have used metagenome-hased technologies to wdentfy
amd characterize novel bacterial ipolytic enzymes which catalyze
both hydrolysis and esterification reactons at temperatures above
T0°C. Metagenomic libraries from enriched soil and water samples
were comstructed and  screening revealed two  novel  lipases
designated LipS and LipT which showed a high temperature
optmum and also a high stability agamst thermal denaturation.
These lipases were biochemically characterzed and the X-ray
structure of Lip5 was solved at a resolubon of 1,99 Ainits apo
form and together with spermidine. Thus, LipS belongs to the first
metagenomic lipases that have been analyzed by crystallographic
methods so far.

PLOS OME | www.plosone.org

Thermostable Lipases LipS & LipT from Metagenomes

Materials and Methods

Environmental Samples and Enrichment Cultures

Ten soil and water samples were collected from different sites at
the Botanical Garden (Klen Flottbek, Hamburg, Germmany,
53733 44.56'N, 9°51'40.11'E). The sample sites included topsoi
that consisted mamly of sand as well as humus-nch sml. Water
samnples were taken from sweet water brooks and  ponds
Approximately 0.5 g of each soil sample and 0.5 ml of ecach
hiqnd sample were then mixed m oa 100 ml Erlenmeyer flask
containing 50 ml of mineral salt medium MSM) and incubated
overnight at rooms-temperature and 150 rpm m order to detach
hacterial cells from soil and plant panicles. After sedimentation of
these particles by gravity, the samples were used to moculate
mineral salt medium (MSM) in a 2 | glass botde composed of 0.8 1
HyO, 0.1 1 solution 1 and 0.1 1 sohtion 2 [solutgon 1 (11, 10x):
70 g NagHPO, =2 HyO), 20 g KHLPOy. Solotion 2 (11, 10x):
10 g MNH S50, 2 g MgClax6 HeOr, 1 g CalNOglaxd HaO].
The medium was supplemented with pyruvate (0.1% w/v), olive
oil (1% v/v), vitamins [100 ml, 1000x: 1 mg biotin, 10 mg
micotinic  acid, 10 mg thiamin-HCl (vtamin Bl), 1 mg g
aminobenzoic acid, 10 mg Ca-D<{+)-pantothenic acid, 10 mg
vitamin B6 hydrochloride, 10 mg vitamin B12, 10 mg riboflavin,
I mg folic acd] and trace clements [44]. The ennchment culture
was maintained at 65°C and aerated with 120 rpm on a magnetic
strrer.

For the second ennchment, water samples were taken from
a heating system in the Biocenter Klein Fotthek (Hamburg,
Germany). The temperature of the water at the tme of sampling
was above 50°C. The medium [modified medivm 1} [45]]
contained tryptone and yeast extract (0.1% w/v each) as well as
trace clements [46]. This Thermusennchment culture was in-
oculated with 20% of water sample (v/v) and incubated at 75°C in
a 2 1 glass bottle on a magnetic sirrer with 200 rpm for several
weeks, Both enrichment media were refilled with autoclaved
HyOyoyy on a regular basis to mamtain the mitial volume,

No specific permits were required for the described field studies
as the Botanical (arden and the Biocenter Klein Flotthek are non-
protected areas concerning soil and water samples and owned by
the University of Hamburg. The samples did not imvolve
endangered or protected species,

E. coli Culture Conditions

E coli strains were grown acrobically at 37°C on Luria-Bertani
(LB} medium supplemented with appropriate antbiotcs [47]. £
coli clones and constructs are listed in TABLE S1.

DNA Isolation, 165 rRNA Analysis and Library
Construction

After three weeks of incubation, cells from the ennchment
cultures were harvested by centrifugation. Genomic DNA was
isolated by using a phenol/ chloroform method with TE-buoffer
containing sucrose [10 mM Tris-HCL, 1 mM EDTA and 20%
sucrose (w/v)], lysozyme solution (1 mg/ml m TE-buffer) and
proteinase K solution [1 mg/ml, 20% SDS (w/v), 1 mg/ml

For phvlogenetic characterization of the enrichments, bacterial
165 rRNA genes were amplified using the standard primers G16%
G -AGAGTTTGATYMTGGOTCAG-3) and 1492R (5-CGGY-
TACCTTGTTACGAC-3). The amplified genes were ligated
inte pDirive cloning vector and transformed in competent £ ol
DH5% celk by heat shock. 165 rDNA was sequenced with

automated sequencing ABIS77 technology following the manu-
facturer’s mstructions.
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Libraries were constructed with the cosmid vector pSuperCos
which carries ampicillin and neomycin resistance genes and phage
packaging mixes which were both supplied within the Gigapack®
LI Gold Packaging Extract kit (Stratagene, La Jolla, CA, LTSA).
Construction was camried out according to the manufacturers
instructions. Genomic DNA fragments with a size of 2040 kb
obamed after parpal Bpl43] digesbon were hgated mio the
BamHI restriction site of the cosmid vector before phage-infection
of E colt Em100 cells was pedormed. Cosmid clones were grown
on LB agar supplemented with 100 pg/ml ampicilln.

Screening of Lipolytic Clones

E. ooli clones were tested for hipolytic actnaty by transfernng
them on LB agar plates containing tributyrin (TBT, 1% vol/vol) as
indicator substrate [48]. In order to detect active clones, the
cosmid clones were grown at 37°C overnight; then a further
incubation for 1-3 days at 56°C followed. The second incubation
step was mtroduced to slowly lyse the £ oolt oells and to release
those enzymes that are active on TBT at elevated temperatures
and produce a clear halo. In a microtiter plate scale, cones were
grown in a 96 deep-well plate comtammyg 1.2 ml of LB with
ampicillin, After incubation for 16 to 24 h at 37°C and 250 rpm,
cells were harvested by centrifiugaton and the supematamt was
discarded. Cells were ysed by 1 h mcubation with 125 plfwell
0.1 M potassium  phosphate buffer (PB) pH 8.0 containing
Iysozyme (10 mg/ml) at 37°C. Cell debris was collected by
centrnifugation for 10 min at 3,600 rpm. In a 96 well microtter
plate, 10 pl of the crude cell extract were incubated with 190 pl of
PBE (0.1 M, pH 8.0) that contained either 1 mM 4-nitrophenyl
(pNP) utyrate or dodecanoate. The samples were incubated for
30 min at 56°C and subsequently, the extinction of 4-nitrophenol
released from the substrate was measured spectrophotometncally
in a microtiter plate reader (Benchmark, Bio-Rad, Hercules, CA,
USA) at 405 nm against an enzyme free blank.

Cosmid DNA was izolated from the positive clones ohtained in
the nitiall screening, retransformed in E. wff DH5 and the
resulting clones examimned with the same type of assay for esterase/
lipase activity in order to avoid fake positive clones.

Subcloning and in vitro Transposon Mutagenesis

For the wdentificanon of ORFs encoding lipolytic actvaty, the
positive cosmid clones were subcloned with FeoR 1 findl 11 or Sacl,
ligated into pTZ19K, which camies a chlommphenicol resistance
gene, and transformed mite £ cf DH32 The subclones were
streaked onto LB agar plates with THT and screened for
hydrolytc actnaty. On posiive subclones, @ siiw  transposon
mutagenesis using  the EZIN™ <KAN-2= transposon kit
(Epicentre, Madison, Wisconsin, USA) was carried out following
the manufacturer’s mstrections. Clones harbonmg a transposon m
the responsible gene were screened negative on TBT containing
agar plates. With the inserted priming sites of the transposon, the
comesponding gene was sequenced by automated  sequencing
ABI377 technology following the manufacturer’s instructions.
Alternatively, the inserts of the subclones were sequenced with the
vector specific pomers M3 for (3-GTAAAACGACGGOCAGT -
3") and M13 rev (¥'-CAGGAAACAGOTATGACC-3").

Cloning and Expression of lips and lipT

Grene sequences were amplified from cosmid DNAs by PCR in
35 cycles with the primer pairs pCos9D12_for (5'-CATAT-
GAGOCGGAAAMGCAGG-3)  and  pCosBDI12_rev G-
AAGCTTGOTGTGCTTCOGGATGAAC-S') for the amplifica-
tion of 8 and pCosbBl_for (3-CATATGOGGCGGTTAC-
TAGCCTTGC-3")  and  pCosbBl_rev  [(3-AAGCTTOCG-
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CACCCTAGGOGCOGLC TTC-3") for T, Promers were
designed to inroduce a 5°-MNdd and a 3'-Hindl 1l restricion site
inte the cloned fragments. The PCR fragments were ligated into
plrne cdonmg vector (Chagen, Hilden, Germany), cut wath Nedd
and Hindlll and ligated into pET21a (Novagen, Merck, Damm-
stadt, Germany), which has an ampualln resistance gene and
a His-tag coding sequence for the C4erminus of the cormesponding
protein. Plasmids containing fp8 and T gene sequences were
designated  GpSpET2?2la and fpTopET21la, respectively. To
confirm that the corect genes had been amplified from the
ongimal cosmid DNA, the PCR fragments cloned into pET21a
were sequenced. Competent £, cof BL21 (DE3) cells were
ransformed by heat shock with GpS:pET21a and §T:pET21a
for the overproduction of the corresponding proteins. Cuoltures
were grown at 17°C and 250 rpm for 68 h until an optical
density at 600 nm of 0.8 was reached. The production of the
recombinant proteins was then induced by the addition of 1 mM
isopropykf-D-thiogalactopyrancside (IFTG). After 16 h, the cells
were harvested by centrifugation and disrupted by French pressure
cell and ultrasonication in order o purify LipS and LipT from
soluble fractions. Cell extracts were incubated with Ni-NTA
Agarose (Chagen, Hilden, Germany), loaded on columns and
affimity chromatography was camied out according to the
manufacturers protocol. Protein containing elution fractions were
then dialyzed overnight against 0.1 M PB (pH 8.0). The proteins
were analyzed by SDS polyacrylamide gel electrophoresis using
12 or 15% fw/v) gels and Westem-immunoblotting using 6-His-
specific antibodies,

Catalytic Activity Toward 4-nitrophenyl (pNP) Substrates
Enzyme activity studies were performed by incubating the
enzymes with 1 mM pNPsubstrate in 0.1 M PB (pH 8.0) at assay
temperatures of 70°C LipS) or 75°C (LipT), unles otherwise
indicated. The reaction was measured against an enzymeree
hlank to subtract auto-hydrolysis by spectro-photometrical quan-
tfication of the released 4-nirophenol at 405 nm  [molar
extinction coefficient & (0.1 M PE pH £.0)=1945¢ M™' cm™,
£(0.1 MPBpH 7.0)= 10,400 M~ cm™"]. One unit is defined as
the amount of enzyme that catalyzes the formation of 1 pmol 4-
nitrophenol per minute. Engyme activity was tested against
different pNPracyl esters [butyrate {((C4), hexancate, octanoate,
decanoate, dodecancate, myristate (C14), palmitate (C16) and
stearate (G 18), Sigma). Above 70°C, even longchained pNI esters
(C16-C18) were sufficiently soluble, so that no detergents were
added. The temperature optima of LipS and LipT were de-
termined with pNP-dodecanoate as substrate at temperaturnes
ranging from 20 to 90°C for 10 min. To study the thermal stability
of the enzymes, LipS and LipT were incubated at 70 and 90°0,
rmespectively, for up to 72 hours and ther residual activity was
measured using pNP-dodecanoate (1 mM final concentration) by
incubation for 20 min at 70°C for LipS and 75°C for LipT.

The pH optimum of LipS and LipT was investigated with
buffers of different pH values, that were adjusted at 70°C [pH 5
5.6, ctrate buffer (0.05 M); pH 5.6-8, PB (0.1 M); pH 8-9, Tris-
HCl (0.1 M); pH 9-10.6, glhycme/NaOQH (0.1 M)]. Enszyme
actvity was measured with pNP<decanoate as substrate,

Lip5 and LipT were tested for their stahility and activity in the
presence of metal ions, inhibitors, detergents and solvents. After
I h incubation with these substances at room  temperature,
residual enzyme activities were determined at 70°C or 75°C and
at pH 8.0 m 0.1 M PB by using pNP-decanoate or -dodecanoate
as substrates.

As metal tons, Ca?*, Co™, Cu™*, Fe**, Mg®, Mn® | Rb* and
#n* were used with a concentration of 1 or 10 mM in 0.1 M PB,
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EDTA (ethylenediaminetetraacetic acid), DTT (dithiothreitol) and
PMSF (phenylmethyl-sulfonyl fluoride) were used as enzyme
imhibitors with 1 or 10 mM concentraton in PR In order o
examine the stability agamst detergents, SIS (sodivm dodecyl
sulfate), Tritom X-100 and Tween B0 were applied with 1 or 5%
concentraton (w/v, v/vjin 0.1 M PB pH 8.0.

The stability of LipS and LipT in vanous organic solvents was
studied using dimethyl sulfoxide (DMSO)), isopropancl, methanol,
dimethyformamide (DMF), acetone, acetonitrile and ethanaol at
fmal concentrations of 10% or 30% (w/v) m 0.1 M PB pH 8.0,

The subsrate range of the two eneymes was tested with the
following achiral or racemic pNP-esters at a final concentration of
0.5 mM in 0.1 M PB pH 8.0:2-phenypropancate, 3-phemylbu-
tanoate, cyclohexanoate, 243-benzoviphenyl) propancate, 2-
naphthoate, l-naphthoate, adamantanoate and 2-{4-isobutylphe-
nyl}-N-propanamide ester. Actovity was measured at 405 nm afier
10, 20 and 30 minutes mcubation at 70°C.

Actvity on chiral pNPeesters was analyzed with (8)-/(R)-2-
methyldecancic acid ester [49,50], (8)-/ rac-/(8)}-2 3dibydro-1 5~
indene-1-carboxylate [“Indancarboxylic acid ester”™, [51]], (8-/
rac-<ibuprofen-ester and (8)-/ rac-/(Bpnaproxen-ester [52 53]

Enzmyme actvity on these pNPesters with 0.33 mM  final
concentraton was measured at 410 nm after incubation for up
toe 40 min at 60 and 65°C in 0.05 M Soerensen buffer pH 8.0
contaming 0.1% (w/v) gum ambc, 5 mM sodium deoxycholate
and 10% DMS0. Controk concermning these additives did not
reveal a significant effect on ensyme activity.

HPLC-MS Analysis of LipS on pNP and Phenyl Esters of
Ibuprofen

To determine enantioselectivity refering o the pNF and the
pheny ester of ibuprofen, kinetic resolution has been camried out in
analytical scale: 17.32 ml potassium buffer 0.1 mM, pH 8.0) were
mixed with 2 ml DMSCY and 0,66 ml of a substrate stock solution
(10 mM in DMSCY). 652 pg LipS were added and the reaction was
shaken at 60°C for 30 min. The reaction was stopped by adding
& ml 2 M HCI and followed by immediate extraction with methyl
tert-butyl ether (MTBE, 220 ml). The solvent was removed under
reduced pressure. The extracted tbuprofen was converted to the
comesponding methyl ester by adding a 0.5 M diazomethane
solution in diethyl ether. The solvent was removed under reduced
pressure. The & was determmned by HPLO (Diwonex) using a chiral
stationary phase: Chimalpak 1A (Daicel), 99.8:0.2 (p-heptanesiso-
propanol), 0.5 ml/min, 225 nm, tgl %) = 10.23 min,
felB=10L17 mumn. The g of the phenyl ester was determmed
using the same conditions as the methyl ester [ig5) = 16.32 min,
tel = 18.07 min]. Because the enantiomers of the pNI* ester
could not be separated by chiral HPLC, the & was determined by
measuring the g factor (dissymmetry factor) with achial HPLC
with CI¥ detector [54-56]. Column: Hyperclone OIS CI8,
conditions: 90:10, CHyCN:Hy O, 0.5 ml/min, 220 nm, ibupro-
fen)=2.7 min, tgpNP ester)=4.5 min. Calculation of the en-
antinselectivity (£) value was performed by the method of Fabe o
al. [57].

Catalytic Activity Measured using Titration Assays
Trbutyrin, triolein and polygycerol-3Haurate were chosen as
substrates for LipS and LipT to study actovity on tnglyce ndes using
an antomated titrator (Tirande 842 with Dosino 800, Metrohm,
Filderstadt, Germany) and the pH-stat method. The subsrate
concentratons of the nglycerides mnged from 5 to 50 mM and of
polyvglycerol-3-lavrate from 0.5 to 7.5% (w/v) in 2 mM Tns-HCL
buffer pH 7.0. The substrate was emulsified with an automated
stirer sturer 802, Metrohm, Filderstadt, Gemmany) mo the
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reaction vessel, The reaction was perfformed at 60°C, below the
optimal temperature of the enmymes, in order o avoid auto-
hydrobysis of the substrates. In order to have a control rate and for
determination of autohydrokis, the pH of the substrate solutdon
was measured at 60°C for 5 min before the enzmyme was added.
The consumption rate of 20 mM KOH which was used to keep
the pH at 7.0 indicated eneyme activity and was used to calculate
the specific activity expressed in units per milligram of enzyme (17
myg). One umt was the amount that produced 1 pmol of fatty acd
per minute under the specified assay conditions.

Esterification (Propyl Laurate) Assay

The propyl laurate assay was applied with l-propanol and lauric
acud as well as l-tetradecanol and mynstic acud as substrates for
LipS. Both reactants were incubated in equimolar conditons
(20 mmol) at 70°C together with 15 mg of ophilized enzyme in
a dosed bottle under slow rotaton. After 0, 24 and 48 h, the acd
values of the reaction mixtures were determined by ttraton of
a 0.5 g sample solved m 20 ml of toluene agamst 0.5 M
KOH, jy 0 with phenolphthalein as pH indicator. The resulting
arcid values were used for the calculaton of propyl lurate/
tetradecyl mynstate units per mg of eneryme, One unit was defined
as | pmol of propyl laurate or tetradecyl omynistate formed per
minute by the enzyme under above mentoned assay conditions.

Enzyme-catalyzed Kinetic Resolution of Four Acetates of

Secondary Alcohols

Three racemic acetates, i e 1-phenyl-1-propyl acetate, 1-
phemyl-2-butyl  acetate and  l-phenyl-2-pentyl  acetate, were
synthesized from the comesponding racemic alcohols as already
described [58,59] except for 1-phenyl-1-ethyl acetate, which was
commercially available. 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 7.0) and were mixed in a thermoshaker
(Eppendorf, Hamburg, Genmany) with 13,000 rpm at 70°C.
Samples (100 g} were taken at different time intervals and
extracted twice with 100 gl dichloromethane. The combmed
organic layers were dried over anhydrous sodium sulfate and the
orgamc  solvent was removed m a mitrogen  stream. The
enantiomeric excess (%a) of subsirate and product were de-
termined by gas chromatography as described eadier [58,59] [GO,
Shimadzu GO-14A gas chromatograph, column: heptakis(2,6-0-
methyl-3-O-pentyl)-foydodextrin (Machery-Nagel, Diiren, Ger-
many); carrier gas Hy; flame womizaton detector]. The retention
times were as follows: lphenyl-l-propyl acetate {g8)=5.7 min,

t ) =69 min; l-phenyl- 1-propanol tg5)=11.8 min,
) =127 mm;  l-phenyl-l-ethyl  acetate g8 =3.9 min,
t )= 5.3 min; l-phenyl-1-ethanol g% = 6.2 min,
=68 mmn;  l-phemyl-2-butyl  acetate (g8 = 17.5 min,
t )= 19.3 min; l-phenyl-2-butanol tg5) =219 min,
tg ) =256 min;  l-phenyl-2-pentyl  acetate  {g8)=31.5 min,
R =319 min; l-phenyl-2-pentancl tg %) =37.5 min,

tgB)=37.5 min. Fvalue and conversion were calculated from
the g of substrate and product according to Chen o al [60].

Classification of Lip5 and LipT

Amino acid sequences of the eight major bacterial lipase/
esterase families [61] were obtained from the NCBI GenBank
database e supplementary TABLE 52). Independent algnments
for all families were constructed wsing  Tecoffee  [62]. All
metagenome denved lipase/ esterase sequences were sorted mto
the eight families based on alignment scores (see supplementary
TABLE 53) and wisual mspection of the respective abgnments.
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Sequences homologous to Lip5 and LipT were retreved from the
NCBI GenBank database. The LipS and Lipl groups of
sequences as well as 11 other metagenome sequences could not
unequivocally be assigned to any of the Imown hipase fanmles.
Thercfore, all of those sequences were compared to cach other
amd when feasible soned into a subgroup. In conclusion, those
sequences constitute the LipS and LipT family as well as five
addional unknown metagenome lipase/ esterase sequence fami-
lies (UF1-3).

Due to low sequence conservation between the different
bacterial lipase/esterase sequence families, the independently
constructed algnments had to be combined mto a fmal dataset
using Genedoc [63]. Tree reconstraction was carmied out using the
RaxML  webserver  [hitp:// phylobenchoatakit.ch /raxml-bh/,
[64]]. Tree viewing and editing was carried out using ATV [65]
or Treelllustrator +0.52 [66].

Crystallographic Analyses

LipS was crystallized and cryswmllographic data sets were
collected and reduced as described previously [67]. The structure
of wild-type Lip5 (LipS-WT) was solved by molecular replacement
(ME) using the structure of carboxylesterase Est30 from Gabacills
stearifermophelns (PDB code 1'TOH) as a model The search was
carned out with Molrep [68], which identihed 4 molecules per
asyrmmetnic unit (a.w), as expected from a Matthews parameter of
2.6 [69]. Iterative cycles of mamal rebuilding in COOT [70] with
crystallographic refinement m Refmach [71] converged at a final
model at 1.99 A resolution of good quabty. The last rounds of
refinement were done withowt non-crystallographic symmery
(NCS) restraints and with individual, isotropic B-factors.

A second construct of LipS with Hisgtag at the Coterrmms
(Lip5-Hb) crystallized in 50 P49 2 2 and diffracted X-ray radiation
to 2.80 A resolution. Those data were phaszed by ME using the
refined structure of LipS-WT solved in 5G P4, Crystals in this 50
contamed only 2 molecules per au Refnement and quality
statistics of both models are given m TABLE 54, The PyMOL
software was used for structural alinment, analysis, secondary
structure assignment and visualizaton of protein sroctures [72].

Data Submission to Public Databases

The DNA sequences of [pT and [pS were deposited at
GenBank under  the accession  mumbers  JOO28671  and
JOD28672, respectively. The crystallographic data were submitted
with the PDB database under the accession codes 4FBL and
4FBM.

Results

Enrichment Strategies and Construction of Metagenomic
Libraries

From two different habitats, altogether 11 samples were taken
and used to inoculate two different enrichment coltures, Bacteria
from a water sample of a heating water system were grown at
75°C on mednmm 1D, while bacterna from the ten different soil and
water samples of the Botanical Garden were enriched at 65°C on
MSM supplemented with pynrvate and olive oil. After one and
two weeks, respectively, visible turbidity appeared in the culture
media. After three weeks of incubation, the cell density was hagh
enough so that cells were harvested and sufficient genomme DNA
could be isolated for library construction. The growth of the
organisms appeared to be rather slow, probably because of the
relatvely low cell density of the moculum that was used. The
microbial communites were characterized on a phylogenetic level
by amplification and sequencing of 165 rRNA genes. The gene
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sequences wene aligned with micleotide sequences deposited in the
NCBI datmhbase via BLAST-search [hitp:/ /blastnchinlm.nih.
gov/Blast.cgi, [73]]. An examination of five highly similar 165
rRNA sequences from the enmchment of heatng water samples
showed, that it mostly contamed bacteria closely related to Themns
seotaducts [NOBI ace. no. EU330195.1; max. identity 97%, Expect
(Exvalue 0.0]. Twenty analyzed sequences revealed that the
enrichment of soil and water samples from the Botamecal Garden
contained 70% bacteria belonging to the Spmbobacterivm group
with the highest similanty to Symbiobecterum  themophlum LAM
14863 (NCBI acc. no. NC_0D6177; 99% max. identity, E-value
0.0). The phylum Bactllaless was represented by Gasbacilinrspecies
and uncultivated Baalli to 25% (e, g NCBI acc. no. AB38612.1;
(mobacdls debilis gene for 165 rRNA, partial sequence, 9% max.
identity, E-value 0.0), whereas 5% of the community comprised
members of Clostridia (e. g NCBI acc. no. FNG67168.1;
umculured compost bacteriom partial 165 fRNA gene, clone
F51689, 95% max. wdentity, E<value 0.0,

With the extracted DNA, large insert metagenomic bhranes
were constructed by using the cosmid vector pSuperCos and E. alft
Epil0) as heterologous host. The hbrary of the heatng water
enrichment culture compnsed 576 cones, of which 28 analyzed
clones had an average insent rate of 70%. The library of the soil
and water samples enrichment consisted of 6,500 clones. The
analysis of 87 cdones showed an insert rate of 96 %. Both hhranes
had an average msert size of 27.5 kb,

Identification of the Lipolytic Genes lips and lipT from
Metagenomic DNAs

Screening of both libranes using a microtiter plate assay and
pNP-dodecanoate a5 substrate identified four clones from the
heatmg water enrnichment library and s putative cones from the
soil and water enrichment library that showed significant activities
in these tests. The two most promising clones, one from each
library, were characterized in detail The positive clone from the
heatmg water enrichment hibrary was designated pCos6B1 and
encoded a 27 kb msert. The done from the sol and water samples
enrichment library was designated pCos9D2 and encoded for
a 26.5 kb insent. The cosmid clones pCos6B1 and pCos91212 were
subcloned o pTZI9R plasmuds and ransformed mto £ ol
DH5u. Sequencing of these subclones in combination with actoaty
screening was pursued o identfy the corresponding lipolytic
genes. For pCos6Bl, one subclone showed activity on TBT agar
plates after incubation at 56°C and subsequently, a transposon
mutagenesis was carried out and resulted m the wdentfhicabon of
the corresponding ORF. The comresponding lipase gene on
pCos9D12 was identified by sequencing in combination with
primer walking. The ORFs linked to the bpolytic activities were
designated GpS and BT for the clones pCos91312 and pCosbB 1,
respectively. The genes ipS and T encode putative proteins that
consist of 280 and 331 amino acids, respectively. The translated
gene sequences of B8 and [GpT were compared with protein
sequences deposited in the NOCBI database by a BLASTX-search
[73]. The BLASTX-search revealed their high similaribes with
genes amnotated as putative esterases m known  thermophibc
microbes. The amino acid sequence of LipS shows 100% identity
to a predicted Srmbiobactaium themophilum esterase (YIP_075874)
and LapT shows 97% wdentity to a predicted esterase from Themns
scotoductus (YP_004201971.1). LipT" only showed low amino acid
similarity to a previously described esterase EstTs] of Themms
sotoductys  [GenBank acc. no. ACS36170; 27.5% similarity
accordmg to a Needle (EMBOSS) ahgnment (http:/Swww.ebiac,
uk/Tool/psa/) [23]]. A common GXSKG motf that eccurs
carboxylesterases and lipases was found in both enzymes. In Lip§,

October 2012 | Volume 7 | ksue 10 | e47665



Appendix

137

the catalytic serine is embedded in a GLSMG motf, while LipT
contained a GCSAG motif, Furthermore, sequence analyses with
SignalP’ 4.0 [hitp:/ Swww chs.dm.dk!/ services/Sigmal P/ 74]]  in-
dicated that fipT presumably encodes a secretion signal sequence
with a cleavage site between Ala? | and Val22. For 858, only a very
low probahility for a possible sigmal sequence was found with
a hypothetcal cleavage site between Alal?y and Glnl8.

Overexpression, Purification and Molecular Weight of
Lip5 and LipT

Both genes fipSand T were cloned and overexpressed in order
to verify the hydrobtic function of the cormresponding enmymes and
allow a ochemical charactenzation, Therefore, the genes were
ligated into pET21a and transformed into £. coli BL21 (DE3). The
recombinant enzymes contained a C-terminal Hisg-tag and were
purified by Ni-NTA affimty chromatography under natve
conditions, LipS could be punfied with 15.0 mg/g of cell pellet
(wet weight). The maxdmum yield of LipT was 1.6 mg/g of pellet
(data not shown) Thus, the protein yield after purification was
overall better for LipS than for LipT (supplementary TABLE 55).
The molecular weights of the protems were verthed by 5I1S-
PAGE analysis under denaturing conditions. After Coomassie-
staining, LipS was visible as a single band with a size of 31.7 kDa
mcluding the Hispgtag (supplementary FIGURE SIA) LipT
appeared to be at least a dimer, revealing a molecular weght of
at least 78 kDa afier incomplete denaturation supplementary
FIGUEE SIB).However, a monomeric form of approx. 36 KDa
corresponding with the calculated molecular weight was observed
by a Western blot analysis using Hisg-tag speafic anbhodies (data
not shown) and afier extended heat denaturation of 30 min at
70°C (supplementary FIGURE S14).

Activity of LipS and LipT on Commercial pNP-ester
Compounds

To charactenize both enzymes, a substrate spectrum was
recorded with pN P-esters which had an acyl chain length of 4 to
18 C-atoms. The highest activities were ohbserved with pNP-
octanoate in case of LipS and with pNIP-decanoate in case of LipT
(FIGURE 1) Both enzymes were most active between acyl-chain
lengths of 6 to 14 C (25-58% of the maximum activity).
Significantly lower activities were measured with short (C4) and
long (C16 and C18) acyl chain lengths (FIGURE 1) Kmetc
studies with the preferred substrates pNPeoctancate (LipS) and
fNP-decanoate (LipT) disclosed significant differences between
both enzymes (TABLE 1). Lip5 revealed a 20-fold higher specific
activity compared to LipT and both enmymes differed m their K,
and k., values sigmficantly.

Temperature Optima, Thermostability and pH
Dependent Activities of Recombinant Lip5 and LipT
Using 1 mM pNP-dodecanoate as substrate, the recombinant
enzymes LipS and LipT revealed temperature optima of 70°C and
75°C, respectively. Interestingly, LipS was only weakly active at
temperatures lower than 40°C, whereas LipT showed 50% of its
activity at 40°C. Intriguingly, at 90°C, LipT still retained 91 % of
its maximum activity, LipS, however, only 23 5% (FIGURE 2A).
To assess thermostability, both enoymes were incubated  at
elevated temperatures over extended time periods. After 48 h of
mcubation at 70°C, LipS revealed 50% residual activity; after
72 h, 15.6% of the activity could be measured (FIGURE 2B);
incubated at ¥0°C, LipS stll possessed 52% of its initial activity
afier 4 h of incubaton. However, after 24 h, less than 1% of
residual activity wis measured at 90°C. LipT showed 43%
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Figure 1. Substrate spectrum of LipS and LipT shown as
relative activity on 4-nitrophenyl (oNP) esters with fatty acid
chains of 4 to 18 C-atoms. Reactions were incubated at 70°C [LipS)
or 75°C (LipT) with final substrate concentrations of 1 mM in potassium
phosphate buffer (PB, 0.1 M, pH B0} Estinction 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.

doi10.1371 joumal pone D047665.9001

residual activity afier 24 h at 70°C and 23% afier 52 h
FMIGURE 2B). Incubation at 90°C for 24 h resulted in a residual
activity of 22% . Altogether, these data suggest that both enzmymes
were thermostable,

LipS and LipT were most active at pH 8.0 when tested in
0.1 M PB and with 1 mM pNP-<decanoate as substrate at their
temperature optima.  Below pH 8.0, actmaty was mapidly de-
creasing and at pH 6.0, only 11.4% (Lip5) and 6.8% (LipT)
resideal  activity was observed. Above pH 9.0, no significant

activibes were measured (data not shown).

Activity of Lip5 and LipT in the Presence of Metal lons,
Inhibitors, Detergents and Solvents

To characterze the effects of metal ions, different ions :(hﬂ",
Co™, Cu™*, Fe'*, Mg™, Mn®", Rb*" and #n*") were added to the
assays at 1 and 10 mM fnal concentratons. Activity was
measured with pNP-dodecanocate and compared with a metal
ion-free control. The activity of LipS as wel as LipTs activity
decreased inthe presence of most of these ons and noe sigmficanty
stimulating effects indicating a cofactor-dependent activation were
ohserved (supplementary FIGURE 53,

Furthermore, EDFTA, IXT'T and PMSF were applied m final
concentrations of 1 and 10 mM (FIGURE 53). EDTA decreased
LipSs activities at 1 mM to 74.1% and at 10 mM to 46.0%
resichual activity, The effects on LipT were less pronounced as it
still revealed 98.0% residual activity at 1 mM EDTA and 65.7%
at 10 mM EDTA. Incubation with 1 and 10 mM DTT resulted in
a resicdual activity of LipS of 76.3% and 71.5%, respectively. LipT
was not affected by the presence of 1 mM DTT and 85.4% of its
activity remained in the presence of 10 mM D'TT. PMSF did not
show an effect on the activity of Lip5 in both concentrations of the
mhibitor. LipT was mhibited by 10 mM PMSF te a resdual
actvity of 49.0%, while lower concentrations of PMSF had no
effect. SDS, Triton X-100 and Tween B0 were applied with 1 and
5% concentration (w/v, v/v) as detergents. With a fmal conoen-
ration of 1%, the substances lowered the actvity of LipS only
insignificantly. A concentration of 5% srongly decreased the
activity to 0% (SDS), 14.3% (Trton X-100) and 20.1% (Tween
80). LipT was not even active in the presence of 1% SDS and was
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octanoate (C8) for Lips.

Thermastable Lipases LipS & LipT from Metagenomes

Table 1. Biochemical parameters of recombinant LipT and Lips determined using 4-nitrophenoldecanoate (C10) for LipT and -

Enzyme Uimg W e I0] IR T} K., (mal 17} Ky (rmin ") Koo/, (M7 sec )
ILipT [T 54 10°% 11107 o 08
Lips 120 201077 22+107° 13 103

Data are mean values of three independent measurements.
dot10.1371 /) oumalipo ne 00476651001

strongly affected by 1% Trnton X-100. It revealed only 13.0%
residual activity; and in the presence of 1% Tween 80, only 18 4%
residual actvity was observed. After incubation with 5% solutions
of the two detergents Triton X-100 and Tween B0, LipT was
almost completely mactivated (3.3% residual activity with Triton
X-100; 0.3% residual activity with Tween 80).

The solvent stahility of LipS and LipT was investigated in the
presence of DMS0), sopropancl, methanol, DMF, acetone,
acetonitrile and ethanol at concentrations of 100 and 30% (v/v)
m 0.1 M PE pH 80 [TABLE 56). The presence of all sohents
affected Lip5. With 10% of solvent, residual actmaties between
67.9 and 27.7% were detected when compared 0 a solvent-free
control, while 30% of solvent decreased the activities of Lip5 to
45.9-8.5%. The only exception was 30% of DMS0), where at least
92 9% of actvines of both enzymes remamed. Interestingly, LipT
was much more stable in the presence of vanous solvents.
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Figure 2. Temperature optimum (A) and thermal stability (B) of
Lip5 and LipT. Data are mean values of at least three independent
measurements and bars indicate the standard deviation. Temperature
range and optimum of LipS and LipT were measured with phP-
dodecanoate at temperatures ranging from 20°C to 90°C for 10 min.
Assays were performed by incubation of the enzymes at 70°C for up to
72 hours and by measuring residual activities with pNP-dodecancate at
70°C (LipS) and 75°C (LipT).

doiz10.137 1fjournal pone 004 76659002
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The measurements were performed at 75 and 70°C, respectivaly, in 0.1 M PE pH 8.0,

Substrate Range and Enantioselectivity of LipS and LipT

Lip5 and LipT were tested for their hydrolytic activity on a wide
range of substrates; among them achiral or mcemic pNP-esters in
a final concentration of 0.5 mM at 70°C (TABLE 2. LipS
hydrokzed 2-phenylpropancate (042 U/mg), 3-phenylbutanoate
(0.0% Ufmg), cyclohexanoate (126 U/mg), 2-{3-bemmoylphenyl)
propancate (0,62 U/ mg), Z-naphthoate (0,06 U/myg), and 2-{4-
isobutylphemyl-N-propanamide ester (0,07 U/mg). The substrates
l-naphthoate and adamantanoate were, however, not comverted
by LipS. The substrate range of LipT was namower in
comparison, as it hydmolyzed 3-phenylbutanoate (0.03 U/mg), 2-
(3benzoyiphenyl)  propanoate (0006 U/myg), Z-naphthoate
002 Uimg) and  244-isobutylphenyl)-MN-propanamide  ester
(0,08 Ufmg). Interesingly, LipT hydrolyzed l-naphtoate, even
though with weak actvity (0.01 U/mg). LipT did not cleave the
ester bonds of 2-phenylpropanoate, cyclohexanoate and adaman-
mnoate.

The stereoselectvity of LipS and LipT were assayed on chiral
PNP-rsters namely (8)-/(R-2-methyldecancic acid ester, (8-/rac-/
(-2, 3-dihydro- Liindene- lcarboxylate (“indancarboodic acid
ester’”), (S-/rac<ibuprofen-ester and (8)-/rac-/ [/}-naproxen-ester
TABLE 2). Reactions with pNPeesters a5 substrates  were
messured after incubation at 60°C and 65°C. These relatvely
mild temperatures were chosen to avoid autohydrolysis that
readily occurs at higher temperatures. In companson, the
commertial engymes Callk and ROL (Bhizopus orrzee lipase) were
tested at the same temperatures. CalB and LipT did not show
sterenselectivity. ROL showed a preference for the (£)-enantiomer
of ndancarboxylic acid ester and ibuprofen ester. The highest
actvity of all enzymes at this temperature was observed with LipS
and 1t also revealed the most distinct enantioselectvity, as it was
more active on the (B-enantomers of the different substrates. LipS
favored the (B-enantomers of 2<methyldecanoic acd ester (E=8),
indancarboxylic acid ester (E=12) and naproxen-ester (E=9)
[75]. It, however, revealed only very poor activities on the (8-
ibuprofen ester [TABLE 2). This result was verified by HPLC
analysis. LipS preferred the (B-enantomer of thuprofen piNP-ester
with an e of >>59% for the product and ~%0% for the
remaining substrate (£= 11, comversion 60%). The stereoselectiv-
ity of LipS was even higher on ibuprofen phenyl ester, where an s
of 9% was detected for the product and 81% for the substrate at
45% conversion for the phenyl ester which leads to an Faalue
=>>100 (FIGURE 3).

Activity of Lip5 on Tri- and Polyglycerides
Furthermore, we assayed the actmities of LipS and LipT on tri-
and polyglycerides. LipT did not reveal significant activities in the
titration assays using tributyrin, tnolein and polyglyoerol-3-lanrate
as subsirates, However, LipS had a speafic activity of 0.14 U/mg
at 60°C using 50 mM tributyrin. The activity was higher with
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50 mM triolein (0.20 U/mg); and LipS revealed 0.6]1 U/mg on
a 7.5% emulsion of polyglycerol-3-laurate.

Kinetic Resolution of Acetates of Secondary Alcohols

In addition, the enantioselective hydrolysis of four acetates of
secondary alcohols was investigated using LipS. Whereas the
hydrolysis of l-phenyl-l-propyl  acetate and  I-phenyl-1-ethyl
acetate proceeded with low enantioselectivity (E=3-4), excellent
selectivity of LipS was ohbserved for [-phemyl2-butyl acetate and
l-phenyl-2-pentyl acetate. In both cases, the corresponding chiral
(Rjalcohols were obtamed with >96% 2 at approx. 50%
comversion.  This suggests that selectivity of LipS  towards
secondary alcohols s higher if the chiral center 5 not adjacent
to the aromatc nng, but a further CHy-group away to enable high
discimimation of the two enantiomers.

Esterification by LipS

To further study the esterification of LipS, the enzyme activity
was assayed m the propyl laurate assay and benchmarked with
CalB as a control. At 70°C, the esterification reactions between 1-
propanol and decanoic acid as well as I-tetradecanol and myristic
acid were catalyzed by 15 mg of lyophilized LipS and CalB. Afier
48 h, the formation of l-propyl laurate was catalyzed by LipS
(012 Usmyg) and CalB (0.35 U/mg). The synthesis of 1-tetradecyd
mynstate also took place with LipS (0009 U/mg and CalB
(0.28 U/myg) (FIGURE 4).

PLOS ONE | www.plosone org

LipT Lips Calg ROL
+ ++ + +
- ++ n. d nd.
+ + n.d nd.
- ++++ n. d nd.
+ ++ n.d nd.
+ + .d nd.
+ - n.d nd.
- = n. d nd.
+ + + +
+ ++ + +
+ + + -
+ +

+ ++ + +
+ - + -
+ ++ +

+ + n.d nd
+ + +

+ + + +
+ ++ + +

Calb (purchased from Sigma-Aldrich, Buchs, Switrerdand) and ROL (purchased from FlukaSigma-Aldrich, Buchs, Switrerand) wese used as references.

"33 mM substrate solution (final concentration in 005 M Sosrensen buffer pH 8.0 containing 0.1% gum arabic, 5 mM sodium decxycholate and 10% DMS0) after

*Spedfic activity: n. d, not determined: —, no detectable activity or <001 Wmg; + 0.01-0030 Wima: + + 0.31-060 W'ma;: + + + 061-0080 UWimg: ++ + + 091-1.236 WY
ma. Spedific activities of CalB and ROL refer to the dry-weight of the lyophilisate Data are mean values of three independent measurements.

Table 2. Specific activity® (U/mag) of LipT and Lip5 on pNP esters.
pMP-Substrate
Octanoate i
2-Phenylp ropanoate™ rac
3-Phenylbutanoate™ rac
Cyclohexanoate® i
2-{3-Benzoylphenyl] propanoate™ rac
2-Maphtoate™ i
1-Naphtoate™ i
Adamantanoate® i
Methyldecanoate 5]
1K)
2,3-Dihydro- 1H-ind ene-1-carboxylate (indan add ester)" 15)
rac
1)
Ibuprofen ester’’ i5)
rac
2-[4-ls ob uty lphe myl-N-[4-nitrop henyl) propanamide fac
[buprofen amide ester)™
INaproxen ester’ 15)
rac
1R
The extinction was measured spectrophotometrically against an enzyme-free blank with
incubation at 60°C (CalB) or 65°C (UpT, Lips ROL) at 410 nm (e=732 M~" am ™).
0.5 mM substrate solution final concentration in 0.1 M PE pH 8.0) after incubation at 70°C at 405 nm (&=19454 M " cm ).
dok10.1371/ournalpone 00476651002

Crystallographic Analysis of Lips

A wvariety of comstructs were  expressed and punfied for
crystallization experiments as described eadier [67]. The inital
construct LipS-Hb6 in 5G P42, 2 diffracted X-ray madiation to
2.80 A resplution, while a second construct, LipS-WT, diffracted
N-may radiaton o 1.99 A resolution. Both constructs contain the
natrve N-termmi which are disordered until about residoe 35.

LipS displayed a dimeric chamacter dunng purification by siee
exchusion chromatography, Consistent with this observation, the
asymmetric units of LipS in 5G ™ and P4,2,2 contain one and
two identcal dimers, respectively. Analysis of the LipSWT and
LipS-H6 interfaces with Protein  Interfaces, Surfaces and
Assemblies (PISA) server [76] calculates the buried area between
two protein molecules and based on solvataton energy (AG)
gained upon assembly formation, it calculates a complexation
significance  score  (C58). The analysis confirms  that  the
ohserved interactions are of hiological significance (CS5=0.69;
AG==20.5), becanse the CSS is expressed on a scale from 0,
for non-significant interface, to 1, for significant interface. The
dimer interface covers 1245 A* (12.2% of the total surface of
a monomer) of accessible sudface area per monomer, It s
primarily formed by the shon helical segment aldy ar the N-
terminal part of the inserton and the long helic o
MGURE 5A). Several hydrogen bonds and salt bndges
irvolving C138, K154, Al62, T203 and E209, in additon to
mmmermes hydrophobic contacts, sabilize the dimer interface.
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Figure 3. HPLC-MS measurement of Lip5 catalyzing (f-selectively the hydrolysis of ibuprofen phenyl ester. The products of the
reaction were cnverted to the crresponding methyl esters for measurement.

doi:10.137 1/journal pone 00476655003

LipS assumes the fold of a dassical a/f hydrolase [77].
Members of this fold family accommodate a wide variety of
enzymatic activities, including lipases, esterases, peroxidases,
dehalogenases and epoxide hydrolases [78]. It consists of a central
B-sheet made of six parallel fstrands (f2, B3, f4, B35, B8, p9) and
one antiparallel fstrand (f1). Hence, the central fi-sheet is missing
the first fstrand of the canonical &/B hydrolase architecture so
that it consists of 7 instead of 8 strands, The central flsheet is
sandwiched by helices #A and 206G on one side and helices o8
through 2F on the opposite side (FIGURE 5A). The active site of
Lip5 is formed by the catalytic tnad 5126, D227 and H257 with
the catalytic serine located at the sharp y-turn between 4 and oD
FIGURE 5C). The position of the catlytic triad and the
oxyanion hole (F58 and MI127) at conserved topological sites
clearly designates this newly charactenzed enzyme as a hydrolase.

0.40 ¢
035 |
0.30 |

mlipS
nCaB

H

—

0.25 p
0.20
015
0.10 |
0.05 |
0.00

Specific activity [Ufmg]

1-tetradecyl myristate

1-propyl laurate

Figure 4. Esterification reactions between 1-propanol and
lauric acid (20 mmol each) as well as 1-tetradecanol and
myristic acid (15 mmaol each). Synthesis reactions were catalyzed
by LipS and CalB (purchased from Sigma-Aldrich, Buchs, Switzerland)
under solvent-free conditions at 70°C. Specific activities of Lip5 and
Calg refer to the dry-weights of the lyop hilisates. Data are mean values
of at least three independent measurements and bars indicate the
standard deviation.

doi1 0137 1/journal pone.004 76650004
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After refinement, the active site of LipS-WT i S( P4 contained
strong residual density mmediately adjacent to 5126 and H257.
This density was interpreted with spermidine (FIGURE 544, B).
Spermidine was used as an additive to improve crystal quality and
was subsequently shown to inhibit the actvity of LipS with its
substrate pNP-decanoate m concentration dependent  manner
(MGURE 54C). The terminal amino-group of spermidine comes
remarkahly close to both S126 and H257 when the secondary
amid group mteracts with IV187, which lines the end of the active
site cavity. Thus, it is likely that spermidine mimics substrate
bound in the active site [FIGURE 5413,

We reasoned that comparing 31} structures may reveal hi-
ologeally mterestmg sumilanties that were not detectable by
companng aming acid sequences, Therefore, the comparison of
LipS with related 31 structures was performed using DALL server
[79]. The structurally most closely related eneymes were esterases,
Est 30 from Bacllus seamthemmopliles [1I'TOH, Zscore 3007, RMSD
1.&, [80]], Estl} from Lactobacillis rhamnens [SDKR, Jscore 28.7,
RMSD 1.8 [B1]], Est1E from Butyrisibrie profesclastions [2WITM, -
soore 24.0, RMSD 2.4 [82]] and human mono-<glyceride lipase
[3PE6, Fscore 281, RMSD 2.2 [83], IGURE 55]. Structural
supermposition of LipS with these four ensymes revealed notable
similarity of their overall structures which all resemble the o/f-
hydrolse fold (FIGURE 6). The core of the a/B-hydrolase fold,
the central f-sheet and flanking o-helices, was highly similar
between them (RMSD 1.2 A to 1.8 A) contrary to the 40 amino
acid large subdomain (E156 to V195) inserted between f5 and oE
of LipS. This subdomain of LipS is surface exposed and folds into
a short helix 21" and two short antiparallel festrands, {6 and B7.
Among above listed structural homologues, only EstlE hasa mixed
o B secondary structure opology similar to LipS. The inserted
subdomains of Fst30, EstD) and buman MGL all have a o-helical
topology which differs from the topology of LipSs (FIGURE 6B, C).
Recenty, the topology of an inserted subdomain similar 1o the one
from Est1E was recognised in the cinnamoyl esterase LJ0536 from
Lactobacdlns jofmsons [B4], which is apparenty not deposited in the
DALl database amd thus, it was not detected as a structural
homologue of LipS. The core structure of the o/ ffold of LJO536
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Figure 5. Protein structure of LipS. A) Ribbon representation of the LipS monomer colored according to secondary structure elements. The
inserted lid-domain is indicated in red. The catalytic triad residues Ser126, His257 and Asp227 are shown as stick representation. B) Surface
representation of the LipS monomer with the lid-domain (B6, p7, 2D, ) shown as a cartoon representation in red. The active site 5126 (in yellow) is
completely occluded from the bulk solvent and only accessible through a narrow tunnel. The active site pocket identified by CASTp server is colored
in green. Amino acids building a pocket as part of the inserted domain are shown in orange. C) The catalytic triad residues of LipS are properly placed

to establish hydrogen bonds.
doi:10.137 1/journal pone.0047665.g005

resembles the structure of LipS like the other above mentioned
cores of the LipS homologues.

Superimposition of LipS with its homologues and inspection of
inserted domains revealed similarity of LipS with EstlE, 1.J0536
but also with evolutionarily distant human MGL. Based on the
presence of B-strands (B6, B7) in the inserted domain of LipS,
which are indeed structurally equivalent with B9, B10 of 1LJ0536
and B9, P10 of EstIE (FIGURE 6A}, it seems that the inserted
domains of these three enzymes are structurally related. It is
noteworthy, that shifting of this f9/10 haipin of EstlE was
proposed to lead to the formation of a substrate binding
hydrophobic pocket [84]. However, notable differences between
mserted domains of these three enzymes were observed. Thus, the
loop connecting B6 and B7 in LipS is 17 amino acids long
compared to 3 and 4 in EstlE and LJ0536, respectively.
Furthermore, the short helix oD);" of LipS did not superimpose
with any of the a-helices in Est1E and 1J0536. Additionally, the
second short B-hairpins of Est1E (§7/f8) and 1J0536 (B7/8) are
absent in LipS. Although the secondary structure topology of the
inserted domain of human MGL (o/ at/a-fold) is diverse to the one
of LipS (B/B/a-fold), it resembles its cukaryotic counterpart in

MGL more closely than in EstlE and 1J0536 (FIGURE 6B). The
oD’ of LipS superimposed well with a4 of human MGL,
although 24 is 10 residues longer than aD,’. Interestingly, an
important biological function of the hydrophobic a4 for docking of
human MGL onto membranes in order to gain access to the lipid
substrates was suggested [85]. The part of LipSs inserted domain
containing two B-strands 6 and B7 and a loop connecting them
superimposed well with the region in human MGL ranging from
174 to 206, made by loops and the o5 and 3/ 10-helix, which is
identical in its size to the LipS motif. Our results indicate that
biclogically important structural features of both prokaryotic and
cukaryotic lipases are unified in the inserted subdomain of LipS
and thus, LipS might represent an enzyme which is on
evolutionary scale placed between eukaryotic and prokaryotic
lipases.

Insertions of different lengths and conformations in other /-
hydrolases at that location [86] suggest their evolutionarly
importance for distinct biological functions of the enzymes. These
inserted subdomains have dual biological function, a) as a lid
which, in dynamic process, opens and closes the active site for
exposure to the solvents and substrates and b) as a motif that

Figure 6. Topology of the inserted domains of a/f-hydrolases. Superimposition of the inserted domain of Lip$ (in 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
indicated in grey and catalytic $126 in yellow. The core structures of LipS homologues are not shown for simplidty.

doi:10.137 1/journal pone.0047665.g006
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Figure 7. Phylogenetic tree illustrating the sorting of 40 metagenome derived lipase/esterase sequences into the eight known
lipase/esterase families [61). The eight families are color coded and labeled with the respective family name (LipS, LipT) or number (VIll). The five
subfamilies containing the 11 unassignable metagenome lipase/esterase sequences are shown in white and are labeled with the respective family
name (UF1-UFS). For the reference sequences, the full organism name as well as the accession number is given at the respective clade. Metagenome
sequences are labeled with their protein name and accession number, respectively.

doi:10.1371/journal pone 00476659007

shapes the active site for accommodation of appropriate substrates.
Indeed, the flexible inserted domains serving as a lid were
suggested for Est1E and human MGL but not for 1J0536, which
adopts the same conformation in absence and presence of a ligand
bound in the active site. The conformations of the inserted
domains in all four LipS molecules found in one asymmetric unit
were identical. Furthermore, data that the inserted domain
assumes the same conformation with and without bound
spermidine in structures of LipS suggests that this is rather a rigid
structure.

Analysis of the cavities on LipSs surface using the Computed
Atas of Surface Topography of proteins (CASTp) server [87]
revealed only one pocket in vicinity of the catalytic S126
(FIGURE 5B). This pocket with an area of 546.1 A* was defined
as an active site pocket. 30 amino acids, 20 hydrophobic and 10
hydrophilic (TABLE S7), contribute in formation of the active site

PLOS ONE | www.plosone.org

pocket, thus providing amphipathic environment for substrate
binding. Similarly to human MGL, the binding pocket of Lip$ is
occluded with only narrow and restricted opening to the bulk
solvent (FIGURE 5B). Human MGL, Est1E and 1J0536, although
similar to LipS, have their active site much more exposed to the
solvent compared with LipS. Thirteen amino acids of the inserted
domain (TABLE S7) contribute at the same time in formation of
the active site pocket of LipS (FIGURE 5B). Similar with other
LipS homologues, the inserted domain of LipS shapes the catalytic
pocket of LipS. Not surprisingly, mutations of inserted domain of
EstlE have affected its substrate specificity [82]. Therefore, we
would like to propose that the novel fold of the inserted domain of
LipS, at the frontier between eukaryotic and prokaryotic lipases,
could be essential for its selectivity in hydrolysis of a range of
complex substrates Bsted in TABLE 2,

October 2012 | Volume 7 | lssue 10 | e47665



Appendix

143

Thermastable Lipases LipS & LipT from Metagenomes

Table 3. Activities of LipS and LipT in comparison with other characterized and published bacterial thermostable lipases.

Source Tom [C1 NP-substrate Specific activity [U/mg] Reference
Lips (metagenomic) 70 cs 1203 This study
[ [+] Gl

LipT (metagenomic) 75 cio 06 This study
Est53, T mardtima & 12 130 [107]
LipA, T. fipolytica 56 ciz 124 [24]

LipB, . polytica 56 ci2 133 [24]
LipTth, T. themohyelrssulfisdcus 75 c1s 1215 5]

Only lipases with temperature optima of =60°C and activity on pHP-substrates with =8 € atoms as acy residue were considensd.

dok10.1371/joumalpo ne 004 76651003

Classification of LipS and LipT

Using modemn  alignment methods, we wied o sort 40
metagenome derived lipase/esterase sequences into the § lmown
bhacterial lipase/esterase families [61]. The sequences were
grouped by aligming them manually to a subset of sequences
representing the respective family. The quality of the mdepen-
dently calculated alignments = reasonably good, as judged from
visual inspection, conservation of key amino acids [61] and T-
coffee alignment scores. Nevertheless, the low sequence conserva-
tion between the eight families did not directy allow the
construction of a meaningful alignment for the full dataset
Therefore, the seed alignment had to be consoucted by
assembling the sub-aligmments in into a full dataset. Thus, the
presented wee (FIGURE 7) serves solely as an illustradon for the
assignment of the metagenome derived sequences to the eight
known bacterial lipase festerase families, but does not allow any
conclusions with respect to the relationship between the respectve
families. Using this alimment strategy, 11 out of 40 metagenome
derved sequences could not be assigned to any of the eight lmown
amd established families. Likewise, Lip5S and LipT together with
a set of homologous sequences could not be assimed un-
equivocally based on sequence similanty (FIGURE 7). Ths
sequence comparson thus suggests that they are both part of nowel
lipase families withowr distinctive similanty to any of the lmown
eight bacterial lipase/esterase families [61].

Discussion

We have isolated two novel lipase genes from metagenomic
samples by a combined enrchment and direct cloning approach.
Two different enrichment cultures were set up and 65 as well as
75°C were chosen as incubation temperatures in order to cover
a broader specoum of themmophilic orgamsms, Although the
combined enrichment and metagenome  technology  applied
significantly reduces the overall biodiversity in the emvironmental
sample, it has heen sucoessfully applied by our lab and others to
wentify numerous wseful bwocatalyst genes from  metagenomic
samples [88-91]. In one such study, even a moderately thermo-
stahle metagenomic lipase was identified [92].

The two lipase genes identified in this work shared high
similarities with already kmown genes in the databases. Liph was
similar to a predicted but not chamcterized esterase from the
compost hactenum  Smbibacterum  themopfelum and  LipT was
similar to a predicted esterase from Themus soteductus. Interest-
ingly, Symbisbactarium thermophilum s supposed to have the highest
content of horizontally acquired genes among all bacteria kmown
so far [93]. OF its protemn coding genes, 17.7% onginate from
Bacilli and 36.9% from Clostndia. 8 fermopfilem can be isolated

PLOS ONE | www.plosone.org
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from entichment cultures using compost or soil as inoculum [94].
It grows at an optimum temperature ranging from 45 o 65°C.
However, it & uncultvable as a single species and it relies on
commensalism [#4]. Up to date only a singe genome has been
published having a swme of 3.6 Mb [95].

While more than 100 strains of Themus have been reported [96]
only very few T. scobductis isolates are known, T, scofoductis has
been solated from thermal springs but it can also be found in
man-made sources such as gold mines [97,98]. Only recently, the
first genome of a T, swoteductur strain, ie. SAD1, was established
and revealed a genome size of 2.4 Mb [99]. T. scofoducius usually
grows at temperatures between 65 and 70°C [100,101], while
other Themps species have their optimal growth temperature
between 62°C and 75°C [96]. Interestingly, the isolation of T.
thermaphifr from heating water systems has been reported [102].
Within this context it 1= notable that heating water systems harbor
obviously rather diverse microbial commumities [103, 104].

The classification of LipS and LipT into one of the lipase and
carboxylesterase families according to Arpigny and Jaeger [61]
was not possible. Both emeymes are thus most likely members of
novel lipase famihies (FIGURE 7) which presumably contain other
lipaze-members derived from cultbvated thermophilic microbes as
well.

It i= noteworthy, that LipS% and LipT represent the fimst
metagenome-derved lipases that reveal a temperature optimum
of =270°C. Since both enzymes, however, were denved from
metagenomes, we can only speculate about their native substrates
and functions within the cells.

We have charactenzed the substrate spectra of hoth eneymes in
great detail wsing a range of industry-relevant substrates. Both
LipT and Lip5 showed a clear preference for pN I-esters with long
chamed fatty acid residues (> C8), ther temperature optima were
at 70 and 75°C and both enzymes showed a high thermal stability
at 70 as well as at 90°C. Both LipS and LipT do not require
cofactors and are stable against most detergents, solvents and even
enzyme inhibitors, Especially the substrate range of LipS s not
hrmited to pNP-esters with simple fatty acid residues. It is also able
to hydrolyse sterically more complex substrates with phenohe or
cyclohexanoic residues. LipS showed a high (Reselectivity for
ibuprofen, naproxen, methyl decanoic acid and indancarboxylic
arcid ester, which can be useful for the production of chiral
pharmaceuticals. Thuprofen, for example, 1= physiologically active
as (Skenantiomer [105]. LipS could be applied m the dynamic
kinetic resolution of the racemate by hydrolyzing remaining (£)-
enantiomers in order to obtain an enantiopure product [106].
With respect to the catalytic actiities of both enzymes, they
showed comparahle or better activities than activities published for
other thermostable bhacterial lipases [[15,24,107], TABLE 3].
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