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I. Abstract 

Biotechnological application of enzymes is an important tool for the transformation of 

chemical processes toward a bio-based economy. Therefore, the number of newly 

identified enzymes is growing each year, however this is not appropriately reflected by 

their industrial application. The low number of enzymes used in industrial processes 

compared to the available number of enzyme sequences is mainly due to insufficient 

characterization and performance of the biocatalysts under process conditions. 

Particular bottlenecks for the effective and efficient application of enzymes are for 

example (I) insufficient stability of the biocatalysts under process conditions, which 

often means in the presence of organic solvents, (II) a narrow range of use due to high 

substrate specificity, and (III) no activity with synthetic polymeric substrates. To cope 

with these challenges not only the identification of candidate enzymes but the 

molecular characterization for respective features is needed.  

In this thesis, the portfolio of available biocatalysts of the carboxylic ester hydrolase 

family was broadened by the identification of 25 enzymes (CE02 to CE26), most of 

them completely new, from two marine hydrocarbonoclastic bacteria, Alcanivorax 

borkumensis SK2, and Pseudomonas aestusnigri VGXO14. These enzymes were 

systematically assayed for relevant characteristics: substrate promiscuity, organic 

solvent tolerance, and hydrolysis of synthetic polyester substrates. For each 

characteristic, at least one outstanding example was found, and the molecular 

mechanism of the respective feature was investigated. 

The highest substrate promiscuity was found for CE07 from A. borkumensis. In a 

comparative analysis of more than 100 diverse ester hydrolases, CE07 ranked among 

the 10 most substrate promiscuous enzymes. Furthermore, the enzyme accepts 

complex water-insoluble esters as common in pharmaceutical biotechnology. 

Interestingly, whereas prominent substrate promiscuity was found to be negatively 

correlated with enantioselectivity for most carboxylic ester hydrolases, this is not true 

for CE07, which is selective for two out of ten chiral esters. Molecular docking 

computation with a homology model of CE07 and (R/S)-Menthyl acetate as ligand 

suggests, that the observed selectivity is rather based on differences in the catalytic 

rate of the reaction than on preferred binding of one enantiomer. 
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To assess the organic solvent tolerance, a novel assay was devised and established 

which allowed to determine this characteristic directly from whole cell lysate, facilitating 

high throughput enzyme characterization. This way, the novel biocatalyst CE13 from 

P. aestusnigri was identified to be highly organic solvent tolerant, retaining substantial 

activity after incubation in 80 % acetonitrile for several hours. The molecular basis of 

the organic solvent tolerance of CE13 is connected to a large number of charged amino 

acid residues and stabilizing disulfide bridges, whereas it is not associated with high 

thermal stability. 

Furthermore, a screening strategy to identify polyester hydrolytic enzymes was 

established using the anionic aliphatic polyester-polyurethane Impranil DLN as a 

substrate. Of all enzymes tested, one biocatalyst originating from P. aestusnigri (CE16, 

also named PE-H) was found to show distinct polyester hydrolytic activity. Moreover, 

biochemical characterization of CE16 revealed evidence for amorphous PET film 

hydrolysis at 30 °C, which was improved by rational mutagenesis to allow activity with 

PET from a commercial single use bottle. The crystal structure of CE16 and of the 

improved variant was solved at high resolution (1.09 Å and 1.35 Å respectively) 

representing the first crystal structure of a type IIa PET hydrolytic enzyme. The enzyme 

structures were subsequently used to rationalize the enhanced activity by a more 

accessible active site and suggest the molecular mechanism of polymer binding by 

molecular docking computations. 

With the knowledge gained on substrate promiscuity, organic solvent tolerance and 

polyester hydrolysis, the possibility to combine multiple features in a single biocatalyst 

was evaluated. While substrate promiscuity and organic solvent tolerance were found 

to complement well, molecular mechanisms for polyester hydrolysis, like a surface 

exposed and flexible active site, appear contradicting to substrate promiscuity and 

organic solvent tolerance. Hence, one biocatalyst to comply with all demands remains 

utopic, but an approximation to this future biocatalyst is conceivable. 

In conclusion, the presented thesis took part in deepening the understanding of highly 

important molecular characteristics for industrial application of biocatalysts, gave rise 

to a set of new and comprehensively characterized carboxylic ester hydrolases, and 

provided hints for the design of a next generation biocatalyst, which combines most of 

the respective features. 
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II. Zusammenfassung 

Die biotechnologische Anwendung von Enzymen ist ein wichtiges Werkzeug für den 

Wandel von klassischen chemischen Prozessen hin zu einer bio-basierten Ökonomie. 

In Folge dessen nimmt die Zahl der jährlich neuentdeckten Enzyme stetig zu, was 

jedoch nicht direkt durch eine im gleichen Maße gesteigerte industrielle Anwendung 

wiedergespiegelt wird. Die geringe Anzahl der industriell genutzten Enzyme im 

Vergleich zu der hohen Anzahl an verfügbaren Enzymsequenzen liegt zu einem guten 

Teil an einer unzureichenden Charakterisierung und folglich auch Leistung unter 

Prozessbedingungen.  

Zu den Gründen, die einer effektiven und effizienten Anwendung von Enzymen 

entgegenstehen, gehören unter anderem (I) eine unzureichende Stabilität der 

Biokatalysatoren unter Prozessbedingungen, oftmals bedingt durch die Nutzung 

organischer Lösungsmittel, (II) eine geringe Bandbreite an Einsatzmöglichkeiten für 

ein spezifisches Enzym, aufgrund dessen hoher Substratspezifität und (III) eine 

geringe Aktivität des Enzyms mit synthetischen, polymeren Substraten. Um diese 

Herausforderungen zu bewältigen ist es nicht ausreichend, neue Enzymkandidaten zu 

identifizieren, sondern vielmehr nötig eine detaillierte molekulare Charakterisierung 

hinsichtlich der relevanten Eigenschaften vorzunehmen. 

Im Rahmen dieser Arbeit wurden 25 (CE02 bis CE26) zuvor teils unbekannte 

Carboxylester-Hydrolasen aus zwei marinen hydrocarbonoklastischen Bakterien, 

Alcanivorax borkumensis SK2 und Pseudomonas aestusnigri VGXO14, identifiziert. 

Darüber hinaus wurden die Enzyme hinsichtlich ihrer Substratpromiskuität, Toleranz 

für organische Lösungsmittel und Fähigkeit zur Polyesterhydrolyse systematisch 

untersucht. Für jede dieser Charakteristika wurde ein herausragendes Beispiel 

gefunden und die zugrundeliegenden molekularen Eigenschaften näher untersucht.  

Die höchste Substratpromiskuität zeigte das Enzym CE07 aus A. borkumensis. In 

einer vergleichenden Studie mit mehr als 100 verschiedenen Ester Hydrolasen konnte 

CE07 unter den 10 Enzymen mit der größten Substratpromiskuität eingeordnet 

werden. Darüber hinaus ist das Enzym in der Lage besonders komplexe, nicht 

wasserlösliche Ester, wie sie in der pharmazeutischen Biokatalyse häufig vorkommen, 

als Substrate anzunehmen. Interessanterweise zeigte CE07 dabei nicht die für hoch 

promiske Carboxylester-Hydrolasen typische Abwesenheit von Enantioselektivität, 
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sondern eine deutliche Selektivität für zwei von zehn getesteten chiralen Substraten. 

Mittels molecular-docking Berechnungen für ein Homologiemodell von CE07 mit (R/S)-

Menthylacetat als Ligand konnte die Vermutung unterstützt werden, dass die 

beobachtete Selektivität durch unterschiedliche Reaktionsraten und nicht durch 

bevorzugte Bindung eines Enantiomers bedingt ist. 

Zur Bestimmung der Lösungsmitteltoleranz wurde ein neues hochdurchsatzfähiges 

Verfahren entwickelt und angewandt, welches direkte Messungen mit Zelllysat 

ermöglichte. So wurde das neue Enzym CE13 aus P. aestusnigri als hochgradig 

tolerant gegenüber verschiedenen Lösungsmitteln identifiziert; es zeigte selbst nach 

mehrstündiger Inkubation in 80 % Acetonitril deutliche Restaktivität. Der 

zugrundeliegende molekulare Mechanismus der Lösungsmittelstabilität von CE13 

konnte auf eine hohe Anzahl geladener Aminosäurereste, sowie mehrere 

Disulfidbrücken zurückgeführt werden, war jedoch nicht mit einer hohen 

Temperaturstabilität des Enzyms assoziiert.  

Des Weiteren wurde eine Strategie zum Screening polyesterhydrolytischer Enzyme 

etabliert, die auf der Verwendung des anionischen aliphatischen Polyester-

Polyurethan Impranil DLN als Substrat beruht. Unter allen getesteten Enzymen konnte 

eines gefunden werden, das deutliche Aktivität mit diesem Substrat zeigte, die 

Polyesterhydrolase CE16 (ebenfalls PE-H genannt) aus P. aestusnigri. Durch eine 

nähere biochemische Charakterisierung konnte die Hydrolyse von amorpher PET Folie 

bei 30 °C nachgewiesen werden. Im Weiteren konnte die Aktivität des Enzyms, mittels 

einer gezielten Mutagenese, auf PET Folie einer Einwegflasche als Substrat erweitert 

werden. Die Kristallstruktur des Enzyms und der verbesserten Variante konnte in 

hoher Auflösung aufgeklärt werden (1.09 Å und 1.35 Å) und wurde als die erste 

Struktur eines PET hydrolysierenden Enzyms des Typs IIa identifiziert. Basierend auf 

diesen Enzymstrukturen konnte sowohl die Verbesserung der Aktivität durch einen 

deutlich besseren Zugang zum aktiven Zentrum des Enzyms begründet, als auch der 

Bindemechanismus des Polymers nachvollzogen werden. 

Durch die neugewonnenen Erkenntnisse zur Substratpromiskuität, 

Lösungsmitteltoleranz und Aktivität gegenüber Polyestern konnte die Möglichkeit 

evaluiert werden, mehrere dieser Eigenschaften in einem Biokatalysator zu vereinen. 

Hierbei zeigte sich, dass sich die Eigenschaften Substratpromiskuität und 

Lösungsmitteltoleranz wahrscheinlich gut vereinen lassen, jedoch molekulare 
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Grundlagen der Polyesterhydrolyse, wie die Positionierung und die Flexibilität des 

aktiven Zentrums, nicht mit den anderen Charakteristika vereinbar sind. Folglich ist der 

Versuch, alle Eigenschaften in einem Biokatalysator zu vereinen, utopisch, jedoch ist 

eine Annäherung an solch einen Biokatalysator in der Zukunft denkbar. 

Die vorliegende Arbeit trägt somit zu einem tieferen Verständnis von für die industrielle 

Anwendung relevanten molekularen Eigenschaften von Enzymen aus der Klasse der 

Carboxylester-Hydrolasen bei, vergrößert die Anzahl der bekannten und 

charakterisierten Enzyme dieser Klasse und liefert Hinweise für die Entwicklung 

zukünftiger Biokatalysatoren, die möglichst viele der relevanten Eigenschaften auf sich 

vereinigen. 
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1 Introduction 

 

1.1 Blue biotechnology 

The effort to utilize living organisms for their own benefit has characterized humankind 

ever since. Long before the common era, humans actively started to domesticate 

animals, grow, select, and evolve plants, and (unconsciously) made use of 

microorganisms via fermentation of fruits, grain or milk. These efforts are often 

contributed to biotechnology since they make use of living beings in a controlled 

manner. The first reported use of the term biotechnology is attributed to Hungarian 

engineer Karl Ereky 100 years ago (Ereky, 1919; Fári and Kralovánszky, 2006). Today, 

various definitions of the term biotechnology can be found (Bhatia, 2018), from 

extensive, describing all technological usage of living organisms in general, to specific 

meanings, like the application of genetically modified organisms. Biotechnology can 

be classified into different colors according to the practical field of its application. 

Hence, red biotechnology takes part in the medical field, yellow biotechnology deals 

with insects, green biotechnology with plants, white biotechnology with industrial 

production and blue biotechnology with marine organisms (Figure 1-1). 

 

Figure 1-1 The colors of biotechnology according to their field of application. 

A few of the most prominent examples from different sectors of biotechnology are (I) 

the recombinant production of human Insulin (Johnson, 1983) and different antibiotics 

starting with penicillin (Fleming, 1929) for the treatment of diabetes and infectious 

diseases, (II) generation of improved plants like golden rice (Beyer et al., 2002) which 

is meant to fight vitamin A deficiency in developing countries, (III) addition of enzymes 
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like proteases, lipases, amylases, and cellulases in laundry detergent to enhance 

cleaning performance as well as for saving water and energy (Olsen and Falholt, 

1998), or (IV) isolation of anti-tumor compounds from marine endosymbiotic bacteria 

(Schofield et al., 2015) which are already approved for therapeutic usage.  

Blue biotechnology, also known as marine biotechnology, is a rather young field of 

biotechnology and deals with marine organisms and products thereof for technical 

application. It can be defined as “The application of science and technology to living 

organisms from marine resources, as well as parts, products and models thereof, to 

alter living or non-living materials for the production of knowledge, goods and services.” 

according to the Organization for Economic Co-operation and Development (OECD, 

2017). This field of biotechnology is especially interesting, because most part of our 

planet is covered by the oceans that include diverse environments with regions of 

extreme temperature, as present in the arctic or near volcanic hydrothermal vents, high 

salinity in underwater brine pools, or extreme pressure at the bottom of a deep-sea 

trench (Ferrer et al., 2019). As it is for terrestrial habitats, microorganisms and in 

particular bacteria outnumber every other species in the oceans, with a high chance to 

harbor compounds humans can take advantage of. However, the marine environment 

was believed to be a limited source for novel microorganisms for a long time. This 

changed rapidly with the development of modern sequencing techniques and culture 

independent identification of microorganisms such as metagenomics. With Craig 

Venters sequencing project in the Sargasso Sea (Venter et al., 2004) at the latest, the 

oceans were recognized as a prolific source for diverse microorganisms. This was 

proven by different bioprospecting studies, greatly broadening the sequence space for 

marine species and providing functional studies to novel genes and organisms found 

in the ocean. The Tara Oceans circumvention expedition for example contributed more 

than 2600 novel draft genome sequences (Tully et al., 2018) and the INMARE H2020 

project (http://www.inmare-h2020.eu/) about one thousand active enzymes with one 

third fully characterized (Ferrer et al., 2019). Hence, blue biotechnology holds a great 

chance for the discovery of completely new organisms, proteins and compounds with 

high potential benefit for mankind (Table 1-1). 
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Table 1-1 Discoveries from the field of blue biotechnology. 

description reference 

green fluorescent protein (GFP) from Aequorea victoria, used in 
numerous biotechnological applications 

(Shimomura et al., 1962; 
Shimomura, 2005) 

Yondelis (Trabectedin), a chemotherapeutic compound from a 
tunicate endosymbiotic bacterium 

(Schofield et al., 2015) 

sorbicillactone A & B, alkaloids from a marine sponge associated 
fungus, active against leukemia cells 

(Bringmann et al., 2005, 
2007) 

ArcticExpress (DE3), a recombinant Escherichia coli BL21(DE3) 
strain for protein production at low temperatures 

(Ferrer et al., 2003) 

Ara-A, an antiviral nucleoside from a marine sponge (Sagar et al., 2010) 

cephalosporin C, an example for antibiotics from marine fungi (Silber et al., 2016) 

 

1.2 Marine hydrocarbonoclastic bacteria 

The oceans comprise a seemingly unlimited source of microorganisms to discover, 

from generalists to niche adapted specialists. Among this broad diversity, highly 

specialized marine bacteria appear to be a prolific source for similarly highly 

specialized biocatalysts. The adaptation of a microorganism to specific environmental 

challenges evolves enzymes with characteristics enabling the survival of the microbe 

in the particular environment, for example cold and saline marine environments 

facilitate the evolution of cold active and salt tolerant enzymes (Tchigvintsev et al., 

2015). Thus, the rational selection of a niche adapted microbe can help to identify 

biomolecules with the required biochemical and biophysical characteristics. 

The group of hydrocarbonoclastic (crude oil-degrading) bacteria represents such 

adapted microorganisms, which have evolved to degrade and assimilate a wide range 

of different alkanes, the major constituents of crude oil (Head et al., 2006; Yakimov et 

al., 2007; Brooijmans et al., 2009). Alkane degrading bacteria, also known as 

hydrocarbonoclastic bacteria (HCB), can be further specified according to the range of 

carbon sources they can feed on; where many HCB can grow on other substrates than 

crude oil, like sugars and amino acids as well, the group of obligate 

hydrocarbonoclastic bacteria (OHCB), or obligate marine hydrocarbonoclastic bacteria 

(OMHCB), preferentially use crude oil or other alkanes as sole carbon source and can 

use only a limited number of organic acids such as pyruvate, or acetate for growth 
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(Golyshin et al., 2003). These bacteria are found in low number over almost all marine 

environments (Head et al., 2006), but in case of an oil spill, the bacteria bloom and 

rapidly outnumber other species (Yakimov et al., 2007). 

The group of OMCHB comprise representatives of the genera Alcanivorax, 

Cycloclasticus, Marinobacter, Neptunomonas, Oceanobacter, Oleiphilus, Oleispira, 

and Thalassolituus, with Alcanivorax borkumensis being the most prominent example 

(Yakimov et al., 2007; Cafaro et al., 2013). This marine γ-proteobacterium was isolated 

in 1991 near the Isle of Borkum, North Germany (Schulz et al., 1991), and first 

described as novel species in 1998 (Yakimov et al., 1998). It can degrade and 

assimilate a large range of linear alkanes up to C32 in length, facilitated by a set of 

genes essential for alkane degradation (Schneiker et al., 2006). The general aerobic 

alkane degradation pathway of bacteria is shown in Figure 1-2. The first step for the 

metabolization of alkanes is catalyzed by an alkane hydroxylase, which activates the 

hydrocarbons by terminal hydroxylation, this is followed by the action of an alcohol 

dehydrogenase, an aldehyde dehydrogenase, and an acyl-CoA synthetase to feed the 

activated hydrocarbon in the β-oxidation pathway. Alternatively, the fatty acid can be 

further modified by an ω-fatty acid monooxygenase, alcohol dehydrogenase, and 

aldehyde dehydrogenase to yield a dicarboxylic acid.  Besides terminal alkane 

oxidation a second pathway is known, the subterminal oxidation of alkanes, which can 

generate fatty acids by the formation of an ester bond within the alkane chain. This 

pathway comprises an alkane hydroxylase, an alcohol dehydrogenase and a Baeyer-

Villiger monooxygenase to produce an ester, which is subsequently hydrolyzed by a 

carboxylic ester hydrolase. The fatty acid can be directed to β-oxidation or, in case of 

acetate, to the citric acid cycle and the remaining terminal hydroxylated alkane can be 

further metabolized via the terminal oxidation pathway (Beilen et al., 2003; Rojo, 2009; 

Ji et al., 2013).  

This genetic repertoire is of high interest from the perspective of blue biotechnology, 

comprising genes for mono- and dioxygenases, dehydrogenases, and carboxylic ester 

hydrolases, as well as biosynthesis pathways for biosurfactants and storage lipids 

(Schneiker et al., 2006; Kubicki et al., 2019). Moreover, their lifestyle might have led to 

the development of enzymes with features typical for marine enzymes like cold-

adaptation, salt and pH tolerance, or barophilicity (Ferrer et al., 2005; Trincone, 2011; 

Tchigvintsev et al., 2015). 
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Figure 1-2 Bacterial aerobic alkane oxidation pathways. Oxidative alkane catabolism uses several 

enzymatic steps to produce fatty acids or diacids via terminal oxidation (left), or subterminal oxidation 

(right). The products are activated by an acyl-CoA synthetase (ACS) before further use for energy 

generation by β-oxidation. The pathway is shown for hexane but applies in general for aliphatic alkanes. 

 

1.3 Bioprospecting for novel enzymes 

The discovery of novel enzymes was for long restricted to microbial isolates cultivable 

with standard microbiological methods in the laboratory. However, only a tiny fraction 

of all prokaryotic organisms, often below 1 % depending on the sample’s origin (Amann 

et al., 1995), can be cultivated this way, thus the majority of biodiversity remained out 

of reach. This changed with the development of culture independent methodologies, 

the metagenomics, allowing to directly access the DNA of all organisms from an 

environmental sample. Since then, metagenomic bioprospecting studies have 

significantly contributed to the identification of novel enzymes (Madhavan et al., 2017) 

and secondary metabolites (Lorenz and Eck, 2005; Thies et al., 2016), and have 

proven their importance in both academia and industry, which is represented by a 

number of excellent reviews in this field (Streit and Schmitz, 2004; Lorenz and Eck, 

2005; Sabree et al., 2009; Ferrer, Martínez-Martínez, et al., 2015). 
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The discovery of novel enzymes from single organisms or metagenomic sources 

comprises different steps (Figure 1-3), each with specific challenges to consider. First, 

DNA is extracted from either genomic or metagenomic sources. Here, the 

characteristics of the organisms’ habitat directly affect the nature of their harbored 

biocatalysts. For example, marine sampling sites can be characterized by low 

temperature and high salinity, thus selecting for salt tolerant and cold active enzymes 

(Tchigvintsev et al., 2015). 

 

Figure 1-3 Steps in the bioprospecting for novel enzymes. (I.) Bioprospecting can use either samples 

from single organisms (genomics) or the entirety of organisms isolated from a specific spot 

(metagenomics). (II.) Genomic DNA (gDNA) from a single organism or environmental DNA (eDNA) from 

a metagenomic source is extracted. (III.) The DNA can be directly used for sequencing or to construct 

libraries of DNA fragments in appropriate host organisms. (IV.) Libraries can be used for function-based 

screening to directly assess enzymatic activities (e. g. by enzyme activity indicating agar plates) or the 

DNA sequence information can be mined for homologs of known enzymes. Pictures of the DNA helices 

and the Erlenmeyer flask were retrieved from servier medical art (https://smart.servier.com/), licensed 

under Creative Commons Attribution 3.0 (CC BY). 

A rational selection of the sample site can therefore guide the screening process and 

help to identify biocatalysts with the desired characteristics. In a next step, the 

extracted DNA can be used for the construction of genomic or metagenomic libraries, 
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or can be sequenced directly. The library again, can either be subjected to function-

based or sequence-based screening to identify novel enzymes. Function-based 

screening offers the opportunity to identify completely new biocatalysts, but suffers 

from a strong dependence on the availability of a suitable and effective screening 

assay for the desired trait (Ferrer, Martínez-Martínez, et al., 2015) and the genetic 

compatibility of the original organisms of the library and the host organism (Liebl et al., 

2014). To address this, broad host range expression vectors were developed to enable 

function-based screening in host organisms additional to Escherichia coli, for example 

Bacillus subtilis, Pseudomonas putida, or Streptomyces lividans (Martinez et al., 2004; 

Troeschel et al., 2012). Sequence-based screening on the other hand, is independent 

from these restrictions, and, with modern IT infrastructure and bioinformatics tools at 

hand, can be faster than function-based screening. The mining of metagenomic DNA 

sequences using DNA probes, specific or degenerated PCR primers, overall sequence 

homology or hidden-Markov-models has led to the identification of numerous enzymes 

(Simon and Daniel, 2011; Danso et al., 2018). However, sequence-based screening 

relies on known sequence-to-function relationships, which restricts this method to the 

identification of enzymes similar to already known biocatalysts (Madhavan et al., 

2017). 

 

1.4 Carboxylic ester hydrolases 

The technological aspect of blue biotechnology is the industrial application of marine 

derived biomolecules. Besides the widely-applied green fluorescent protein from the 

jellyfish Aequorea victoria and compounds like chemo-therapeutics introduced before 

(Table 1-1), enzymes and biocatalytic processes are a major product of studies related 

to blue biotechnology.  

In the industrial context, different enzymes are used for manifold applications, including 

the dairy, baking, beverage, animal feed, pulp and paper, polymer, detergent, 

cosmetic, medical, chemical, pharmaceutical or waste management industry (Singh et 

al., 2016). Enzymes are classified into 7 classes and several subclasses, defined by 

the Enzyme Commission (EC) as part of the International Union of Biochemistry and 

Molecular Biology (IUBMB), according to the chemical reaction they catalyze. 

Recognized classes are oxidoreductases (EC 1), transferases (EC 2), hydrolases (EC 

3), lyases (EC 4), isomerases (EC 5), ligases (EC 6), and translocases (EC 7). They 
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catalyze oxidation/reduction reactions, the transfer of functional groups e. g. amino 

groups, water dependent cleavage/synthesis reactions, water independent 

addition/removal of functional groups, the molecular rearrangement of a substrate 

molecule, the energy (ATP) dependent synthesis of a molecule, or the translocation of 

a molecule, respectively. 

Among the most important enzyme classes for industrial biocatalysis are hydrolases 

(EC 3), which are subdivided in 13 subclasses depending on the chemical group which 

is hydrolyzed, with enzymes acting on ester bonds (EC 3.1) being the most diverse 

group consisting again of more than 20 subgroups. Among them, carboxylic ester 

hydrolases (EC 3.1.1) can be further specified according to their preferred substrate 

leading to more than 100 accepted names for carboxylic ester hydrolase enzymes, 

with growing number each year. For example, lipases (EC 3.1.1.3) are discriminated 

from carboxylesterases (EC 3.1.1.1), sometimes referred to as esterases, by 

differences in their substrate preference: where lipases can hydrolyze long chain 

triacylglycerols, esterases prefer water miscible short chain triacylglycerols 

(Bornscheuer, 2002). Lipases, as a prominent example for carboxylic ester hydrolases, 

fulfill important prerequisites for biotechnological applications. They allow reactions at 

low temperatures, have exquisite high stereo- and regioselectivity, do not require 

cofactors or catalyze side reactions (Casas-Godoy et al., 2012). In addition, lipases 

can be produced recombinantly at high yields and are generally well studied enzymes 

which allow for rational protein engineering (Jaeger and Eggert, 2002). Lipases are 

often reported to be organic solvent tolerant, resistant to harsh reaction conditions 

including acidic or alkaline pH, tolerant for high concentrations of metals or salts, and 

tolerant for detergents (Salihu and Alam, 2015).  

On the basis of their amino acid sequences, bacterial lipolytic enzymes can be 

classified into 19 different families (Kovacic et al., 2019), most of them consisting of 

multiple characterized examples. Due to the large number of solved crystal structures 

today, a structural classification of enzymes from the group of carboxylic ester 

hydrolases is possible too, leading to five clans (A to E) of carboxylic ester hydrolases 

with several subfamilies (Chen et al., 2016). Besides typical α/β-hydrolases, β-

propeller fold enzymes, and enzymes with an α-helix bundle structure are known 

(Figure 1-4). Nevertheless, most enzymes from the group of carboxylic ester 

hydrolases adapt a three dimensional structure of the α/β-hydrolase fold (Chen et al., 
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2016) with a catalytic triad consisting of a nucleophile, a histidine and an acid in 

common (Holmquist, 2000). 

 

Figure 1-4 Examples for different structural folds from the group of carboxylic ester hydrolases, adapted 

from (Chen et al., 2016). Crystal structures are shown in ribbon representation with β-sheets colored in 

blue and α-helices in green. 

The α/β-hydrolase fold carboxylic ester hydrolases show a common reaction 

mechanism. It consist of an acylation and deacylation step, including two tetrahedral 

intermediate states (Casas-Godoy et al., 2012). First, a serine residue is activated by 

proton transfer from its hydroxyl group to the imidazole functionality of a close histidine 

residue which is polarized by a near glutamic- or aspartic acid residue (Figure 1-5). 

The serine now acts as nucleophile and attacks the carbonyl carbon of the ester bond, 

leading to a tetrahedral intermediate with a partial negative charge at the carbonyl 

group which is stabilized by hydrogen bonds with amino groups from the backbone of 

two amino acids of the so-called oxyanion hole. The alcohol moiety of the former ester 

is released, and the carboxylic acid remains covalently attached to the serine residue, 

forming the acyl-enzyme complex. For deacylation, a water molecule is activated the 

same way the catalytic serine was activated before and functions as nucleophile to 

attack the carbonyl group of the acyl-enzyme complex. A second tetrahedral 

intermediate is formed, from which the carboxylic acid moiety of the former ester is 

released, and the hydroxyl group of the catalytic serine is regenerated. 
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Figure 1-5 Catalytic mechanism of carboxylic ester hydrolases. Outer circle: relevant structures at 

each step in the catalytic cycle are shown, the ground state is depicted on the left (free enzyme). The 

catalytic triad with amino acid residues of aspartic acid, histidine, and serine is depicted with green 

background. The oxyanion hole with backbone amino groups of two amino acids is shown with blue 

background. Inner circle: close-up view of the catalytic center of the Burkholderia cepacia lipase crystal 

structure in complex with a substrate analogue (PDB 2NW6), visualized with the program UCSF 

Chimera. In the crystal structure, the catalytic site residues and amino acids of the oxyanion hole are 

shown as sticks, superimposed on the ribbon representation of the structure. The substrate analogue 

(S)-1-phenoxybutan-2-yl methylphosphonochloridate is colored orange. The amino acids of the catalytic 

triad and the oxyanion hole are abbreviated in 3-letter code, hydrogen bonds are indicated by dashed 

lines. 

The detailed understanding of the molecular reaction mechanism, the wealth of 

structural information, the high production yield, selectivity, catalytic efficiency, 

chemical tolerance and the simple application without the need for cofactors have 

contributed to the success of carboxylic ester hydrolases in academic research and 

industrial applications. However, some relevant characteristics are not fully understood 

today and need to be addressed to facilitate efficient and effective application of these 

enzymes: the ability to convert structurally diverse substrates (substrate promiscuity), 
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the tolerance for typical reaction media applied in chemical and pharmaceutical 

industry (tolerance for organic solvents), and the reaction with polymeric substrates 

(polyester hydrolysis) as common in all modern plastic materials. 

 

1.4.1 Substrate promiscuity and enantioselectivity 

The principle of enzyme-substrate interaction is often figuratively introduced in the first 

place as lock and key, meaning one enzyme binds one specific substrate and catalyzes 

the reaction to a product (Fischer, 1894). This seems logic, in particular when realizing 

how many different compounds are present within a living cell and how important it is 

to find the right substrate for an enzyme. For some highly specific enzymes, this 

analogy applies very well, but for many known biocatalysts it was proven wrong. In 

contrast to the lock and key hypothesis, most enzymes have been described to be able 

to use more than one specific substrate (Jensen, 1976; Copley, 2003, 2017; Hult and 

Berglund, 2007); this feature is called substrate promiscuity. 

The benefit of a promiscuous enzyme for an organism lies in the rapid evolution of 

novel enzymatic functions (Jensen, 1976; O’Brien and Herschlag, 1999; Nobeli et al., 

2009). Driven by selective pressure, an organism can thus evolve an enzyme by 

starting from a low side activity of an existing protein scaffold, to generate an effective 

novel function. This goes often in hand with gene duplication followed by diversification 

and specialization, which can lead to the development of completely novel functions 

(Hughes, 1994). The adaptation to a new but similar substrate might also be 

accomplished without duplication events when the primary function can be maintained. 

Such a promiscuous side activity of an enzyme can prove important when 

environmental conditions suddenly change, for example in case of the exchange of a 

nutrition source. This was recently shown for the adaptation of E. coli to metabolize 

non-native substrates (e. g. D-lyxose) in a laboratory evolution experiment (Guzmán et 

al., 2019). The authors showed that the population was able to adapt to the new 

substrate in as few as 20 generations by modifying substrate turnover rates of 

promiscuous enzymes towards the new substrate. Some enzymes are known, which 

even are specifically developed to be substrate promiscuous, for example cytochrome 

P450 enzymes that detoxify a range of xenobiotics in the human liver (Zanger and 

Schwab, 2013), or plant sesquiterpene synthases that are able to generate many 

diverse products (i. e. 52 different products by a single enzyme) as a reaction to plant 
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pathogens (Steele et al., 1998). For biotechnological applications of carboxylic ester 

hydrolases for example, substrate promiscuity is of special interest, giving the 

opportunity to use an established biocatalytic process with a single highly promiscuous 

enzyme to produce a range of different products.  

Besides substrate promiscuity, selectivity is highly important for the application of 

enzymes in biocatalytic synthesis routes. In particular, the discrimination of 

enantiomers by enzymes facilitated the success of biocatalysts in the field of chemistry. 

Enantiomers, meaning two chemically identical molecules which constitute non-

superposable mirror-images, play an extraordinary role in biological systems. This is 

best illustrated by the fact that natural proteins are made of L-amino acids only. The 

mirror-image D-amino acids are very rare, for example, they can be found in some 

antimicrobial peptides (Agrawal et al., 2017). Where it is generally challenging to 

discriminate enantiomers in chemical synthesis, it is an inherent feature of most 

biocatalysts to accept only one enantiomer as a substrate. This is of particular 

importance for pharmaceutical applications, because many active pharmaceutical 

ingredients are chiral and often only one enantiomer shows the desired effect (Nguyen 

et al., 2006). Therefore, enzymes, including many examples from the class of 

carboxylic ester hydrolases, have been successfully applied for kinetic resolution of 

racemic compounds and were extensively engineered to improve their 

enantioselectivity (Jaeger and Eggert, 2004; Li and Reetz, 2016). 

Both features, substrate promiscuity and chiral selectivity are without question highly 

desired for many enzyme applications. However, the rather unspecific reaction of 

promiscuous enzymes with diverse substrates might be a contradiction to the distinct 

differentiation between enantiomers. 
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1.4.2 Organic solvent tolerance 

Living organisms have evolved in general to thrive in an aqueous environment and so 

have their proteins and biocatalysts. Thus, most biochemical reactions in a living cell 

act with water as the bulk solvent. Direct contact to organic solvents in contrast is rare 

in nature and normally leads to the disruption of the cell membrane of an organism and 

to the degeneration of its proteins, leading eventually to cell death  (Isken and 

Heipieper, 2003). The tolerance of enzymes towards decent amounts of organic 

solvent is on the other hand often a prerequisite for their biotechnological application 

in synthetic chemistry (Figure 1-6). Many important chemical reactions can only be 

carried out in the absence of water to shift the reaction equilibria towards synthesis, to 

allow high substrate load, to tune selectivity, to reduce side reactions, or to solubilize 

hydrophobic reactants (Klibanov, 2001; Kumar et al., 2016). Thus, enzymes which can 

withstand the presence of organic solvents are important tools for industrial 

biotechnology. 

 

Figure 1-6 Examples for organic solvents commonly used in organic chemistry. The name and 

classification of each organic solvent is shown along with the partitioning coefficient in octanol:water 

(log P) (data taken from Laane et al., 1987) and the chemical structure. The picture of the Erlenmeyer 

flask was retrieved from servier medical art (https://smart.servier.com/), licensed under Creative 

Commons Attribution 3.0 (CC BY). 

Organic solvent tolerant enzymes can be found in many different organisms, they are 

often reported for extremophiles, or organisms living in (organic solvent) polluted 

environments. Some examples for naturally organic solvent tolerant enzymes from the 

class of carboxylic ester hydrolases are found within microbial lipases (Jaeger and 
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Eggert, 2002), but with considerable difference in the degree of tolerance among this 

group of enzymes. Furthermore, the tolerance of enzymes towards different organic 

solvents is always related to the chemical solvent properties, like polarity, denaturation 

capacity, and hydrophobicity (Kumar et al., 2016). To compare among different 

enzymes, the organic solvent and the reaction conditions must be identical. Most 

studies feature multiple tested organic solvents for enzyme stability assessment, 

overlapping in the common polar organic solvent methanol. However, the individual 

experimental conditions are considerably different, thus, a classification often becomes 

difficult. Some examples of bacterial organic solvent tolerant carboxylic ester 

hydrolases are shown in Table 1-2 along with their reported performance in methanol.  

Table 1-2 Examples of organic solvent tolerant carboxylic ester hydrolases and reported data on 

methanol resistance. 

enzyme methanol performance* reference 

HZ lipase from  
Aneurinibacillus thermoaeropilus HZ 

25 % 146 %, 0.5 h (Masomian et al., 2013) 

lipase from  
Bacillus licheniformis MTCC 6824 

50 % 71 %, 0.5 h (Chakraborty and Raj, 2008) 

lipase from  
Bacillus thermoleovorans CCR11 

70 % 90 %, 1 h (Castro-Ochoa et al., 2005) 

S31 lipase from  
Burkholderia cepacia 

25 % 100 %, 6 h (Lu et al., 2009) 

LST-03 lipase from  
Pseudomonas aeruginosa LST-03 

25 % 50 %, 276 h (Ogino et al., 2000) 

RL74 from  
Ralstonia sp. CS274 

25 % 61 %, 24 h (Yoo et al., 2011) 

SCL from  

Staphylococcus capitis 
15 % 70 %, 0.5 h (Rmili et al., 2019) 

Est2 from  
a compost soil metagenome 

60 % 100 %, 2 h (Lu et al., 2019) 

* the performance shows the residual activity (%) after incubation in methanol for a specified amount of time (h) as 

stated in the reference. 

The molecular basis of organic solvent tolerance is not understood to the last detail 

yet, however, structural, computational, and mutagenesis studies have shed some light 

on some principle mechanisms. Comparative molecular dynamics (MD) simulation of 

human lysozyme, Burkholderia cepacia lipase (BCL) and Trametes versicolor laccase 

revealed effects on the structure of the proteins in the presence of polar and non-polar 

organic solvent (Mohtashami et al., 2018). The denaturation was mainly caused by the 
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disruption of hydrophobic interactions, which are known to be the most important 

stabilizing forces for protein structure (Pace et al., 2011). The initiation of this process 

is different for polar and non-polar organic solvents but is promoted by the penetration 

of organic solvent in the hydrophobic core of the protein for both cases. In a study of 

Mohtashami and coworkers, it could be demonstrated that n-hexane, as an example 

for a non-polar organic solvent, first caused surface denaturation of human lysozyme, 

followed by the penetration into the protein core which led to a structural collapse, 

whereas methanol, as an example for a polar organic solvent, tended to penetrate 

faster into the protein, rapidly broke the tertiary structure, followed by denaturation of 

β-sheet secondary structural elements (Mohtashami et al., 2018). Furthermore, it was 

found that BCL is more tolerant for organic solvents than the laccase or lysozyme and 

the tolerance was specified to be higher for non-polar over polar organic solvents. The 

higher tolerance for non-polar over polar organic solvents was reported for a number 

of different enzyme classes (Stepankova et al., 2013) and is connected with the 

stripping of essential water by polar organic solvents from the protein surface (Zaks 

and Klibanov, 1988). Obviously, the tolerance of proteins for organic solvent relates to 

their three-dimensional structure. As an example, α/β-hydrolase fold proteins, which 

are common among carboxylic ester hydrolases, comprise helical structures around 

the β-sheet core of the protein (Figure 1-4), the helical structures are more stable in 

polar organic solvent, shielding the less stable β-sheet elements (Mohtashami et al., 

2018). 

A further factor directly affecting protein stability in organic solvent is the concentration 

of organic solvent in aqueous solution. It seems likely, that the more solvent is present 

the less stable a protein will be. However, it was reported that organic solvent tolerant 

enzymes are often more stable in pure organic solvent than in highly concentrated 

mixtures with water or even pure water. This effect was attributed to enhanced rigidity 

or loss of flexibility in the absence of water which functions as a lubricant (Klibanov, 

2001); the tradeoff of reduced flexibility however, was calculated to be a drastically 

reduced catalysis rate (Mohtashami et al., 2018). In contrast, small amounts of organic 

solvent can drive catalysis by lowering the activation free energy of the reaction 

(Mohtashami et al., 2018), forcing the enzyme in an open confirmation (Salihu and 

Alam, 2015), or disrupting enzyme aggregates (Almarsson and Klibanov, 1996). 

Nevertheless, the activation effect of organic solvent on some enzymes cannot be 

attributed to the polarity of the solvents alone. The effect of different polar organic 
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solvents was studied regarding the enzyme activity and structure for the B. subtilis 

lipase variant B6 (Kamal et al., 2013). Here, a rapid loss of activity was observed for 

acetone, acetonitrile, and dimethylformamide, whereas an activation effect was 

observed for dimethyl sulfoxide, 2-propanol, and methanol up to 30 to 40% organic 

solvent concentration, then the activity was completely abolished. However, these 

effects were not supported by observations on a structural level, because the protein 

retained its native structure over all organic solvent concentrations up to 60 %. Hence, 

effects on enzyme activity can be assessed before structural effects become visible. 

This was also shown for the hydrolysis of rac-1-phenylpropyl by BCL, which showed 

an increased activation free energy in the presence of 50 % methanol, whereas the 

enzyme did not show structural denaturation at even higher methanol concentrations 

(Mohtashami et al., 2018).  

Thus, polar organic solvents are more harmful to proteins than non-polar are and high 

concentrations of polar organic solvents in aqueous solution are more harmful than 

pure organic solvent, whereas low concentrations of organic solvent can accelerate 

enzymatic reactions. Because of the high importance of organic solvent tolerance for 

industrial application and the low number of naturally highly organic solvent tolerant 

enzymes, extensive studies were conducted to improve enzyme performance in 

organic solvents as comprehensively reviewed before (Stepankova et al., 2013). 

Briefly summarized, the authors present that enhanced stability of the enzyme can be 

generated by immobilization, reversed micellar preparation, chemical modification, use 

of alternative solvent systems like ionic liquids, stabilizing additives, or genetic 

engineering. The latter can be achieved by rational design or directed evolution and 

has been applied successfully many times (Arnold, 1990; Kawata and Ogino, 2009; 

Reetz et al., 2010; Korman et al., 2013; Monsef Shokri et al., 2014). The enhancement 

of protein stability is here produced either by stabilization of the native protein form or 

by destabilization of the unfolded state (Kazlauskas, 2018). Another benefit of the 

genetic engineering approach is to gain deeper insight into the underlying molecular 

mechanisms of organic solvent tolerance. An outstanding mutagenesis study of 

lipase A from B. subtilis, covering all possible mutations of the enzyme, showed for 

example the contribution of amino acid substitutions to detergent resistance (Fulton et 

al., 2015), stability in ionic liquids (Frauenkron-Machedjou et al., 2015), and organic 

solvent tolerance (Frauenkron-Machedjou et al., 2018). For organic solvent tolerance, 

the authors reported substitutions to charged residues at the surface and substitutions 



Introduction 

 

17 

to polar residues in buried regions of the protein to be beneficial; in general, they found 

substitutions to chemically different amino acid residues to be more beneficial than to 

chemically similar ones (Frauenkron-Machedjou et al., 2018). 

Taken together, organic solvent tolerant enzymes are important for biotechnological 

applications, but the feature itself is not very common and hard to predict, thus classical 

screening for these enzymes is needed. To stress the organic solvent tolerance of an 

enzyme, the most harmful condition can be tested, which is high concentration of polar 

organic solvent in an aqueous system. If organic solvent tolerant enzymes are found, 

their stability can be further improved by different techniques, maybe most importantly 

genetic engineering. 

 

1.4.3 Polyester hydrolysis 

The modern world greatly relies on synthetic polymers, many of which have replaced 

their natural counterparts, like glass, paper, and latex for example, because of their 

superior durability, mechanical properties, and light weight (Wei and Zimmermann, 

2017a). Synthetic polymers are almost exclusively made from fossil feedstocks, are 

cheap to produce, easy to handle in manufacturing processes, very robust in form of 

their final products, and not prone to natural decomposing, thus, are the top preferred 

materials for innumerable applications. They are present in everyday life in form of 

packaging for food or beverages, textile fibers, or isolative coverings of electronic 

items, as well as high-tech applications in the medical context, aviation, or information 

technology. Hence, synthetic polymers are not to be missed in today’s society. This is 

represented by an annual production of approximately 350 million tons of plastic 

worldwide (PlasticsEurope, 2018). 

With all the advantages comes one major drawback, which is the recalcitrance of the 

synthetic material against decomposition in the environment. Since these polymers do 

not occur in nature, they are in consequence not biodegradable, thus they require 

special waste treatment (Wei and Zimmermann, 2017a). Without proper recycling and 

municipal waste management, the material accumulates in the environment and often 

ends up in the ocean, where a part of the plastic pollution becomes visible by the 

formation of large floating garbage patches (Lebreton et al., 2018). When accumulated 

in the environment, plastic waste can cause hazardous damage to inhabiting wildlife, 
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for example by ingestion of small plastic particles or entanglement in larger sized 

fragments (Webb et al., 2013). 

Where many industrial countries have installed an efficient waste management 

system, developing countries often lack the same and in addition, have a high demand 

for plastics at the same time. Even in Europe, with modern waste management at hand 

only about 30 % of plastic waste is allocated to recycling; the majority is used for 

energy recovery or disposed in landfills (PlasticsEurope, 2018). 

This pollution problem has gained much public attention in the last years and has 

driven the research in the field of bioremediation and biosynthesis of synthetic 

polymers. Olefin based polymers like polyethylene, and polypropylene are accounting 

for the majority of plastic waste in total (PlasticsEurope, 2018). Those homoatomic 

polymers are connected by carbon-carbon bonds exclusively (Figure 1-7A) and are 

highly resistant to degradation in nature (Wei and Zimmermann, 2017a). Heteroatomic 

polymers like polyesters or polyamides comprise more reactive ester or amide 

linkages, rendering them more easy to degrade in comparison to olefins; still most 

synthetic polyesters are not biodegradable (Wei and Zimmermann, 2017a). The most 

abundant polyester in packaging waste is polyethylene terephthalate (PET), which 

consists of both aromatic and aliphatic constituents, terephthalic acid and ethylene 

glycol, respectively. The packaging material is rapidly disposed after a single use in 

most cases and was long thought to be not biodegradable.  

In search for biological decomposition mechanisms of polyesters like PET, research 

has focused on natural polyester hydrolytic enzymes, namely cutinases. The class of 

cutinases belongs to the group of carboxylic ester hydrolases with cutin, a plant derived 

(aliphatic) polyester, as their natural substrate. Cutinase enzymes were historically 

identified in plant pathogenic microorganisms where they function as extracellular 

hydrolytic enzymes to cleave the hydrophobic wax cuticle of the plant and facilitate the 

invasion by the pathogen (Nikolaivits et al., 2018). Therefore, they have evolved to act 

on hydrophobic ester linked polymers, which also occur in synthetic polyesters. 

Polyester hydrolytic cutinases were found to be active on a range of synthetic 

polyesters (Nikolaivits et al., 2018), some of them are even able to cleave the ester 

linkage in PET (Taniguchi et al., 2019) (Figure 1-7B). 
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Figure 1-7 (A) Examples of polyolefins and polyesters. Chemical structures of polyethylene (PE), 

polypropylene (PP), polystyrene (PS), polylactic acid (PLA), polyhydroxybutyrate (PHB), and 

polyethylene terephthalate (PET) are shown. (B) Schematic representation of enzymatic 

depolymerization of PET. The PET hydrolytic enzyme, here Ideonella sakaiensis PETase molecular 

structure is shown (PDB 6EQE), acts on polymeric PET from a PET bottle to produce monomeric 

ethylene glycol (EG), terephthalic acid (TA), and mono(2-hydroxyethyl) terephthalate (MHET). The 

picture of the plastic bottle was retrieved from servier medical art (https://smart.servier.com/), licensed 

under Creative Commons Attribution 3.0 (CC BY). 

In 2016, the first report of a bacterium able to degrade and assimilate PET was 

published including the identification of corresponding catalysts, a polyester hydrolase 

called PETase and a second hydrolytic enzyme called MHETase. The first enzyme 

was classified as the first member of a novel group of carboxylic ester hydrolases, the 

polyethylene terephthalate hydrolases, according to their preference for PET over 

other tested esters (Yoshida et al., 2016). Nevertheless, enzymatic activity of known 

examples of polyester hydrolases on PET is rather low, therefore novel enzymes are 

needed to be discovered in search for better performing biocatalysts (Wei and 

Zimmermann, 2017b). Recently, a huge potential in the marine environment, which 

was underestimated before, for polyester hydrolases and PETase like enzymes was 

shown in a large sequence-based bioprospecting study (Danso et al., 2018). In fact, 

most polyester hydrolases known today originate from terrestrial sources, suggesting 

a huge untapped potential in the marine environment.  
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1.5 Outline of the thesis 

The availability of robust biocatalysts with broad applicability is important to drive the 

progress of enzyme application in industrial biotechnology. The aim of this thesis was 

to find novel carboxylic ester hydrolases which match demands common for industrial 

applications; in particular organic solvent tolerance, a broad substrate spectrum and 

activity with polyester substrates. Thus, the wealth of marine microbes was tapped to 

uncover biocatalysts showing the demanded features and gain insights into the 

underlying molecular mechanisms.  

Therefore, the chance to find diverse relevant carboxylic ester hydrolases was 

evaluated for different marine crude oil-associated bacteria (chapter 2.1 & 2.2). 

Subsequently, the identification, production and characterization of 25 carboxylic ester 

hydrolases from two marine hydrocarbonoclastic bacteria, namely Alcanivorax 

borkumensis and Pseudomonas aestusnigri, was undertaken: 

(I) The substrate promiscuity was investigated and ranked among diverse 

carboxylic ester hydrolases (chapter 2.3) with special emphasis on 

enantioselectivity (chapter 2.4). 

(II) A novel, fast, and easy screening system was developed to determine the 

tolerance for polar organic solvents and identify extraordinary stable 

carboxylic ester hydrolases (chapter 2.5). 

(III) The hydrolysis of polyester substrates was demonstrated with different easy 

to use, agar plate-based methods for P. aestusnigri and other 

Pseudomonads (chapter 2.6). Furthermore, the responsible biocatalyst of 

P. aestusnigri was identified, and its activity was proven for the complex 

polyester polyethylene terephthalate (PET) including insights into the 

underlying structure-function relationship (chapter 2.7). 

This way, novel promising carboxylic ester hydrolases for industrial biotechnological 

applications were discovered and likewise, principal understandings of the molecular 

mechanisms of respective features were gained. This can pave the way to future 

studies on the combination of multiple desired features in a single biocatalyst. 
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2 Results 

The following section consists of seven manuscripts, six are published in peer-

reviewed scientific journals and one is published as a book chapter, building together 

the framework of this thesis. This thesis was conducted in frame of the INMARE H2020 

project (http://www.inmare-h2020.eu/). Hence, the work outlined below include also 

results of joint publications in close collaboration with partners of the INMARE 

consortium, in particular with the group of Manuel Ferrer at the Institute of Catalysis, 

Consejo Superior de Investigaciones Científicas (CSIC) in Madrid, Spain and the group 

of Sander Smits at the Center for Structural Studies (CSS), Heinrich Heine University, 

Duesseldorf, Germany. Each publication is covered by a statement on the own 

contribution. 

 

 

from screening to structure - a bioprospecting story 

  

http://www.inmare-h2020.eu/
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2.1 Hydrocarbon-degrading microbes as sources of new 

biocatalysts 

 

Cristina Coscolín, Rafael Bargiela, Mónica Martínez-Martínez, Sandra Alonso, 

Alexander Bollinger, Stephan Thies, Tatyana N. Chernikova, Tran Hai, Olga V. 

Golyshina, Karl-Erich Jaeger, Michail M. Yakimov, Peter N. Golyshin, and Manuel 

Ferrer 

In: McGenity T. (eds) Taxonomy, Genomics and Ecophysiology of Hydrocarbon-

Degrading Microbes. Handbook of Hydrocarbon and Lipid Microbiology. Springer, 

Cham. (2018) 

Available online: 

https://doi.org/10.1007/978-3-319-60053-6_13-1 

 

Comment to Copyrights: 

Reprinted by permission from Springer Nature: Springer, Cham. Hydrocarbon-

Degrading Microbes as Sources of New Biocatalysts. In: McGenity T. (eds) Taxonomy, 

Genomics and Ecophysiology of Hydrocarbon-Degrading Microbes. Handbook of 

Hydrocarbon and Lipid Microbiology. By Cristina Coscolín, Rafael Bargiela, Mónica 

Martínez-Martínez, Sandra Alonso, Alexander Bollinger, Stephan Thies, Tatyana N. 

Chernikova, Tran Hai, Olga V. Golyshina, Karl-Erich Jaeger, Michail M. Yakimov, Peter 

N. Golyshin, and Manuel Ferrer. Copyright © Springer Nature Switzerland AG 2018 

 

Own contribution: 

Investigation: construction and screening of a genomic library from Alcanivorax 

borkumensis SK2 and identification of novel carboxylic ester hydrolases thereof, 

suggestion of the genetic background for the subterminal alkane oxidation by 

A. borkumensis. Participation in review and editing of the book chapter. 
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2.2 The biotechnological potential of marine bacteria in the novel 

lineage of Pseudomonas pertucinogena 

 

Alexander Bollinger, Stephan Thies, Nadine Katzke, and Karl-Erich Jaeger 

Microbial Biotechnology (2020) 13, 19–31 

Available online: 

https://doi.org/10.1111/1751-7915.13288 

 

Comment to Copyrights: 

Copyright © 2018 The Authors. Reprinted with permission.  

This article is distributed under the terms of the Creative Commons Attribution 4.0 

International License. 

 

 

Own contribution: 

Participation in conceptualization and writing of the original manuscript, including 

introduction, discussion and the chapter on polyester hydrolases. Investigation of 

relevant literature, sequence analysis, data curation and formal analysis. Design of the 

figure and tables. Review and editing of the final manuscript. 

 

 

  

https://doi.org/10.1111/1751-7915.13288
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2.3 Determinants and prediction of esterase substrate promiscuity 

patterns 

 

Mónica Martínez-Martínez, Cristina Coscolín, Gerard Santiago, Jennifer Chow, Peter 

J. Stogios, Rafael Bargiela, Christoph Gertler, JoséNavarro-Fernández, Alexander 

Bollinger, Stephan Thies, Celia Méndez-García, Ana Popovic, Greg Brown, Tatyana 

N. Chernikova, Antonio García-Moyano, Gro E. K. Bjerga, Pablo Pérez-García, Tran 

Hai, Mercedes V. Del Pozo, Runar Stokke, Ida H. Steen, Hong Cui, Xiaohui Xu, 

Boguslaw P. Nocek, María Alcaide, Marco Distaso, Victoria Mesa, Ana I. Peláez, Jesús 

Sánchez, Patrick C. F. Buchholz, Jürgen Pleiss, Antonio Fernández-Guerra, Frank O. 

Glöckner, Olga V. Golyshina, Michail M. Yakimov, Alexei Savchenko, Karl-Erich 

Jaeger, Alexander F. Yakunin, Wolfgang R. Streit, Peter N. Golyshin, Víctor Guallar, 

Manuel Ferrer, and The INMARE Consortium 

ACS Chem. Biol. (2018), 13, 225−234 

Available online: 

https://doi.org/10.1021/acschembio.7b00996 

 

Comment to Copyrights: 

Copyright © 2017 American Chemical Society. Reprinted with permission.  

This article is distributed under the terms of the Creative Commons Attribution 4.0 

International License. 

 

 

Own contribution: 

Investigation: construction and screening of two genomic libraries originating from 

Alcanivorax borkumensis SK2 and Pseudomonas oleovorans DSM1045. Identification, 

cloning, expression and verification of 8 novel esterase coding genes. Writing: 

reviewing and editing the manuscript.  

https://doi.org/10.1021/acschembio.7b00996
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2.4 Relationships between substrate promiscuity and chiral 

selectivity of esterases from phylogenetically and 

environmentally diverse microorganisms 

 

Cristina Coscolín, Mónica Martínez-Martínez, Jennifer Chow, Rafael Bargiela, Antonio 

García-Moyano, Gro E. K. Bjerga, Alexander Bollinger, Runar Stokke, Ida H. Steen, 

Olga V. Golyshina, Michail M. Yakimov, Karl-Erich Jaeger, Alexander F. Yakunin, 

Wolfgang R. Streit, Peter N. Golyshin, and Manuel Ferrer 

Catalysts (2018), 8, 10 

Available online: 

https://doi.org/10.3390/catal8010010 

 

Comment to Copyrights: 

Copyright © 2018 The Authors. Reprinted with permission.  

This article is distributed under the terms of the Creative Commons Attribution 4.0 

International License. 

 

 

Own contribution: 

Investigation: contribution to the enzyme collection by the identification, production and 

verification of esterase coding genes from Alcanivorax borkumensis SK2 and 

Pseudomonas oleovorans DSM1045. Writing: reviewing and editing the manuscript. 
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2.5 Identification of organic solvent tolerant carboxylic ester 

hydrolases for organic synthesis 

 

Alexander Bollinger, Rebecka Molitor, Stephan Thies, Rainhard Koch, Cristina 

Coscolín, Manuel Ferrer, and Karl-Erich Jaeger 

Appl. Env. Microb. (2020), in print 

Available online: 

https://doi.org/10.1128/AEM.00106-20 

 

 

Comment to Copyrights: 

Copyright © 2020 The Authors. Reprinted with permission.  

This article is distributed under the terms of the Creative Commons Attribution 4.0 

International License. 

 

 

Own contribution: 

Conceptualization of the study. Investigation: construction and screening of two 

genomic libraries originating from Alcanivorax borkumensis SK2 and Pseudomonas 

aestusnigri VGXO14. Identification, cloning, and verification of the tested enzymes. 

Establishing of the pH indicator screening method and conducting amino acid 

sequence comparison. Supervision: oversight of data collection, evaluation, and 

interpretation. Writing: participation in figure and tables preparation; writing of the 

original draft manuscript, participation in review and editing of the final manuscript. 
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2.6 Agar plate-based screening methods for the 

identification of marine Pseudomonas sp. capable of 

polyester hydrolysis 

 

Rebecka Molitor, Alexander Bollinger, Sonja Kubicki, Anita Loeschcke, Karl-Erich 

Jaeger, and Stephan Thies 

Microbial Biotechnology (2020) 13, 274–284 

Available online: 

https://doi.org/10.1111/1751-7915.13418 

 

Comment to Copyrights: 

Copyright © 2019 The Authors. Reprinted with permission.  

This article is distributed under the terms of the Creative Commons Attribution 4.0 

International License. 

 

 

Own contribution: 

Participation in conceptualization of the study. Investigation: initial tests of the 

enzymatic activity of Pseudomonas aestusnigri VGXO14 including polyester hydrolase 

activity. Supervision: oversight of the tests of different agar plate-based assays for 

polyester hydrolase activity. Writing: contribution to writing of the original draft and to 

reviewing and editing the final manuscript. 
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2.7 A novel polyester hydrolase from the marine bacterium 

Pseudomonas aestusnigri - structural and functional insights 

 

Alexander Bollinger, Stephan Thies, Esther Knieps-Grünhagen, Christoph Gertzen, 

Stefanie Kobus, Astrid Höppner, Manuel Ferrer, Holger Gohlke, Sander H. J. Smits, 

and Karl-Erich Jaeger 

Front. Microbiol. (2020) 11, 114 

Available online: 

https://doi.org/10.3389/fmicb.2020.00114 

 

Comment to Copyrights: 

Copyright © 2020 The Authors. Reprinted with permission.  

This article is distributed under the terms of the Creative Commons Attribution 4.0 

International License. 

 

 

Own contribution: 

Contribution in the conceptualization of the study. Investigation: identification, cloning, 

purification, and characterization of the polyester hydrolase PE-H. Sequence based 

analyses and structure guided mutational study of single and multiple amino acid 

substitutions. Quantification of PET hydrolysis. Writing of the original draft and 

contribution to reviewing and editing the final manuscript.  
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3 General Discussion 

 

In this thesis, novel carboxylic ester hydrolases from marine hydrocarbonoclastic 

bacteria, namely Alcanivorax borkumensis and Pseudomonas aestusnigri, were 

identified and characterized with emphasis on important criteria for industrial 

applications: a broad substrate spectrum, tolerance for polar organic solvents, and the 

hydrolysis of synthetic polyesters. The identification of candidate enzymes was 

facilitated by respective screening strategies established in this thesis. 

First, the chance to identify relevant carboxylic ester hydrolases from the named 

bacteria was evaluated (chapter 2.1 & 2.2). Then, activity- and sequence-based 

screening for novel CEHs of respective organisms was conducted and substrate 

promiscuity was systematically investigated together with numerous CEHs from 

diverse microorganisms (chapter 2.3 & 2.4). For the identification of organic solvent 

tolerant CEHs, a novel screening strategy was developed and applied to yield CEHs 

active in the presence of high concentrations of polar organic solvents (chapter 2.5). 

With regard to the bacteria’s potential for synthetic polyester degradation, screening 

for polyester hydrolases was applied, the responsible biocatalyst was identified, its 

performance was increased by protein engineering, and its structure-function 

relationship was studied (chapter 2.6 & 2.7). 

In the following chapter, the investigated characteristics of the novel CEHs will be 

summed up. The gained insights with regard to the key characteristics organic solvent 

tolerance, substrate promiscuity and polyester hydrolysis will be discussed based on 

outstanding examples from the newly identified CEHs (chapter 3.1). The design of a 

hypothetical Swiss-army knife biocatalyst, meaning the combination of multiple 

industrial demanded features within one single enzyme, is envisaged and discussed 

in the light of the findings of this thesis and the literature (chapter 3.2). Lastly, open 

questions that arose from this work and the current state of science are outlined to 

guide future studies (chapter 3.3). 
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3.1 Novel CEHs from A. borkumensis and P. aestusnigri – general 

overview and outstanding biocatalysts  

Today, much effort is put in the transition of traditional chemical processes toward more 

sustainable technologies. Biotechnology can fulfill these needs by applying enzymes 

as green biocatalysts, thus reducing toxic byproducts, the waste of energy, and the 

use of fossil resources (Sheldon and Woodley, 2018). To facilitate industrial 

application, biocatalysts must fulfill industrial demands, in particular stability in the 

presence of organic solvents and reactivity with the desired substrate (Ferrer, Bargiela, 

et al., 2015). To find novel CEHs, matching this requirements in the best case, the 

genomes of the marine hydrocarbonoclastic bacteria A. borkumensis and 

P. aestusnigri were screened sequence- and function-based (Figure 3-1). Therefore, 

genomic libraries were constructed and screened in the heterologous host E. coli for 

esterase activity, to identify CEHs that are actively expressed in this established 

protein production host. Complementary, the complete or draft genome sequence of 

both bacteria was searched for putative CEHs. CEHs not covered by the function-

based screening were then cloned into expression vectors, checked for activity and 

used for further characterization. In summary, for A. borkumensis 11, and for 

P. aestusnigri 14 CEHs were identified and characterized in this thesis (Table 3-1, see 

appendix for gene (chapter 5.2) and protein (chapter 5.3) sequences). For the nearly 

unexplored P. aestusnigri, the complete set of CEHs was previously undescribed. 

Although intensively studied for years as a hydrocarbonoclastic model organism, only 

2 of 11 CEHs of A. borkumensis identified here were characterized before, ABO1251 

(Tchigvintsev et al., 2015) and ABO2449 (Hajighasemi et al., 2016). Four CEHs from 

A. borkumensis with proven activity, ABO1197 (Tchigvintsev et al., 2015), ABO0116, 

ABO1483, ABO1895 (Hajighasemi et al., 2018), were not covered by the screening 

strategy applied here. 

 



General Discussion 

 

194 

 

Figure 3-1 Schematic representation of the screening for novel CEHs from A. borkumensis and 

P. aestusnigri. The genomes of both bacteria were used to construct genomic libraries, followed by agar 

plate-based screening, which was complemented by sequence-based identification, cloning and 

production of CEHs. Novel CEHs identified in this thesis were marked on the circular representation of 

the whole genome of A. borkumensis SK2 (Schneiker et al., 2006) and the draft genome of 

P. aestusnigri VGXO14 (Gomila et al., 2017). Each contig of the draft genome sequence is represented 

by a blue box. 

Table 3-1 Overview of organic solvent stability and substrate promiscuity of carboxylic ester hydrolases 

from A. borkumensis and P. aestusnigri characterized in this study. The enzyme identifier is given 

according to chapter 2.3 (ch. 2.3) and 2.5 (ch. 2.5). The accession number of the respective biocatalyst 

(acc. no.) is given along with information on its isolation (origin) and classification to the family of 

bacterial lipolytic enzymes (family) (Arpigny and Jaeger, 1999; Kovacic et al., 2019); “n. d.” means not 

determined. The number of hydrolyzed substrates out of 96 as a marker for substrate promiscuity 

(promiscuity) is shown according to chapter 2.3 and 2.5; polyester hydrolytic activity is indicated by a 

plus “(+)”. The organic solvent tolerance (OST) is indicated by “+” (tolerant), “+++” (highly tolerant), or 

“o” (low tolerance), according to chapter 2.5. The reference for the first characterization of each enzyme 

is shown; publications that are part of this thesis are marked by an asterisk “*”.  
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origin ch. 2.5 ch. 2.3 acc. no. family promiscuity OST reference 
A

. 
b

o
rk

u
m

e
n

si
s 

SK
2 

CE02 EH8 WP_011587341.1 IV 63 + 
(Martínez-Martínez et 

al., 2018)* 

CE03 EH39 WP_011587492.1 IV 25 + 
(Martínez-Martínez et 

al., 2018)* 

CE04 EH93 WP_011588534.1 VII 12 + 
(Tchigvintsev et al., 

2015) 

CE05 EH106 WP_011589376.1 - 9 + 
(Martínez-Martínez et 

al., 2018)* 

CE06 EH83 WP_011589723.1 V 14 + 
(Hajighasemi et al., 

2016) 

CE07 - WP_011589728.1 IV 65 + 
(Bollinger, Molitor, et 

al., 2020)* 

CE08 EH117 WP_011589970.1 II 6 + 
(Martínez-Martínez et 

al., 2018)* 

CE09 - WP_011589386.1 IV 9 o 
(Bollinger, Molitor, et 

al., 2020)* 

CE10 EH118 WP_011589935.1 I 6 + 
(Martínez-Martínez et 

al., 2018)* 

CE11 EH125 WP_011589767.1 II 4 o 
(Martínez-Martínez et 

al., 2018)* 

CE12 EH92 WP_011587953.1 V 12 o 
(Martínez-Martínez et 

al., 2018)* 

P
. 

a
e

st
u

sn
ig

ri
 V

G
X

O
1

4 

CE13 - WP_088275369.1 VII 51 +++ 
(Bollinger, Molitor, et 

al., 2020)* 

CE14 - WP_088277870.1 VIII 51 + 
(Bollinger, Molitor, et 

al., 2020)* 

CE15 - WP_088277153.1 IV 34 o 
(Bollinger, Molitor, et 

al., 2020)* 

CE16 - WP_088276085.1 III 31(+) + 
(Bollinger, Thies, 

Knieps-Grünhagen, et 

al., 2020)* 

CE17 - WP_088276582.1 - - o 
(Bollinger, Molitor, et 

al., 2020)* 

CE18 - WP_088273225.1 - - o 
(Bollinger, Molitor, et 

al., 2020)* 

CE19 - WP_088277509.1 - - + 
(Bollinger, Molitor, et 

al., 2020)* 

CE20 - WP_088273217.1 VI - + 
(Bollinger, Molitor, et 

al., 2020)* 

CE21 - WP_088273788.1 VIII 22 + 
(Bollinger, Molitor, et 

al., 2020)* 

CE22 - SEG59772.1 X 12 + 
(Bollinger, Molitor, et 

al., 2020)* 

CE23 - WP_088274564.1 VII 9 o 
(Bollinger, Molitor, et 

al., 2020)* 

CE24 - WP_088275865.1 XV 7 + 
(Bollinger, Molitor, et 

al., 2020)* 

CE25 - WP_088273867.1 - 1 o 
(Bollinger, Molitor, et 

al., 2020)* 

CE26 - n. d. n. d. 2 o 
(Bollinger, Molitor, et 

al., 2020)* 
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Since both bacteria investigated in this thesis were isolated from marine crude oil-

associated environments, the observed occurrence of substrate promiscuous and 

organic solvent tolerant CEHs might be connected to their lifestyle. The genome of 

both organisms is small compared to their near relatives, A. borkumensis features a 

3.1 Mbp genome whereas Alcanivorax sp. often show a genome size around 4 Mbp. 

Likewise, P. aestusnigri comprises a genome of 3.8 Mbp, while other Pseudomonas 

species are often reported with a genome size of around 6 Mbp (Table 3-2). The high 

number of active CEHs identified in this study account for about 0.4 % of all the 

proteins coded in the genome of each bacterium. If taken previously reported active 

CEHs for A. borkumensis into account, 0.55 % of all genes from this bacterium codes 

for CEHs (chapter 2.1; (Coscolín, Bargiela, et al., 2018)). Thus, both organisms are 

prolific sources for CEHs. In general, esterases and lipases are frequently found in 

many organisms but at frequencies of 0.05 % to 0.35 % only (Ferrer, Martínez-

Martínez, et al., 2015). Thus, an impact of the environment on the probability of finding 

CEHs can be supposed. This is furthermore supported by a higher number of enzymes 

identified from polluted over pristine environments (see chapter 2.3, Figure S1; 

(Martínez-Martínez et al., 2018)). The higher percentage of CEHs found for oil dwellers 

like A. borkumensis and P. aestusnigri might reflect an adaptation to crude oil-polluted 

sites. However, a connection between crude oil-contamination and a high number of 

CEH genes is not obvious, because the degradation of crude oil alkanes relies on 

alkane oxidative enzymes in the first place, but not on CEHs. However, CEHs might 

participate here via the subterminal alkane degradation pathway (Beilen et al., 2003; 

Rojo, 2009; Ji et al., 2013) (chapter 1.2, Figure 1-2). The subterminal degradation of 

alkanes comprises the formation of an ester bond by the consecutive action of an 

alkane hydroxylase, an alcohol dehydrogenase, and a Baeyer-Villiger 

monooxygenase, followed by the cleavage of the ester by a CEH to produce an alcohol 

and a fatty acid. The fatty acid can be directly metabolized via the β-oxidation pathway 

and the alcohol can be modified via the terminal alkane oxidation pathway to be routed 

to the β-oxidation pathway. 
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Table 3-2 Comparison of the genome size among different representatives of Alcanivorax and 

Pseudomonas species. The species and strain names are given along with their reported genome size 

and the NCBI accession number for the respective reference sequence. The final row shows the 

average (Ø) genome size along with the standard deviation (±) among either Alcanivorax sp. (left) or 

Pseudomonas sp. (right) of the strains mentioned in the table. 

Alcanivorax sp. genome size Pseudomonas sp. genome size 

A. borkumensis SK2 3.1 Mbp 
NC_008260.1 

P. aestusnigri VGXO14 3.8 Mbp 
NZ_NBYK00000000.1 

A. jadensis T9 3.6 Mbp 
NZ_ARXU00000000.1 

P. aeruginosa PAO1 6.3 Mbp 
NC_002516.2 

A. hongdengensis A-
11-3 

3.7 Mbp 
NZ_AMRJ00000000.1 

P. putida KT2440 6.2 Mbp 
NC_002947.4 

A. pacificus W11-5 4.2 Mbp 
NZ_CP004387.1 

P. fluorescens F113 6.8 Mbp 
NC_016830.1 

A. dieselolei B5 4.9 Mbp 
NC_018691.1 

P. protegens CHA0 6.9 Mbp 
NC_021237.1 

A. xenomutans P40 4.7 Mbp 
NZ_CP012331.1 

P. syringae pv. 

syringae B728a 
6.1 Mbp 
NC_007005.1 

A. profundi MTEO17 3.7 Mbp 
NZ_QYYA00000000.1 

P. stutzeri CGMCC 
1.1803 

4.5 Mbp 
NC_015740.1 

A. gelatiniphagus 

MEBiC 08158 
4.2 Mbp 
NZ_VCQT00000000.1 

P. oleovorans DSM 
1045 

4.9 Mbp 
NZ_BDAL00000000.1 

A. indicus SW127 3.4 Mbp 
NZ_QGMP00000000.1 

P. luteola NBRC 
103146 

5.4 Mbp 
NZ_BDAE00000000.1 

A. mobilis MT13131 4.1 Mbp 
NZ_NMQZ00000000.1 

P. straminea JCM 2783 5.0 Mbp 
NZ_FOMO00000000.1 

A. nanhaiticus 19-m-6 4.1 Mbp 
NZ_ARXV00000000.1 

P. lutea DSM 17257 5.7 Mbp 
NZ_JRMB00000000.1 

Ø 4.0 (± 0.5) Mbp Ø 5.6 (± 0.9) Mbp 

 

A second idea is based on the consideration, that crude oil is a mixture of hydrocarbons 

also including esters by nature (Marshall and Rodgers, 2004). Moreover, crude oil 

constituents greatly differ in their number of atoms, double bonds, and elements like 

nitrogen, sulfur, and oxygen (Marshall and Rodgers, 2004). The complexity of crude 

oil, which constitutes over 17,000 different compounds and varies significantly in its 

composition depending on the source of the oil (Marshall and Rodgers, 2004; Head et 

al., 2006), can thus be a driving force for the development of biocatalysts with a broad 

substrate range or a large set of degradative enzymes, to detoxify cell-harming 

ingredients and exploit the wealth of compounds as nutrient source.  

This might be illustrated  by a recent study, reporting examples for both evolutionary 

strategies (Wright et al., 2020). Here, the metabolization of plasticizers, chemicals that 

are used in plastic manufacturing which constitute ester comprising aromatic or 
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aliphatic hydrocarbons in the first place, by two marine microbes was investigated. The 

combined analysis of the metabolome, genome, and proteome of the two bacterial 

isolates showed the first step of the catabolic pathway for dibutyl phthalate and acetyl 

tributyl citrate are catalyzed by at least three CEHs in Mycobacterium sp. DBP42 or by 

a single CEH in Halomonas sp. ATBC28. Therefore, the authors proposed, the two 

bacteria might display different evolutionary strategies to cope with the uncommon 

plasticizer substrates; Mycobacterium sp. DBP42 uses a range of different CEHs 

whereas Halomonas sp. ATBC28 employs a promiscuous enzyme. 

The occurrence of organic solvent tolerant CEHs could be related to the crude oil-

associated lifestyle too. As crude oil consists of alkanes, which are organic solvents by 

nature (chapter 1.4.2, Figure 1-6), enzymes produced by hydrocarbonoclastic bacteria 

have a high chance to come into contact with these compounds. The influence of an 

organism’s environment may directly favor the development of organic solvent tolerant 

enzymes, speaking in particular of extracellularly located enzymes. This was for 

example reported for the identification of an organic solvent tolerant lipase (Ogino et 

al., 2000) from a likewise organic solvent tolerant bacterium (Ogino et al., 1994). For 

A. borkumensis, two protein secretion machineries have been identified in the genome 

sequence, the type II and type IV secretion systems. In addition, the authors report on 

five genes, which encode proteins similar to the HlyD family, suggesting the ability for 

type I secretion (Schneiker et al., 2006). For P. aestusnigri, the draft genome sequence 

revealed genes for a type VI secretion system (Gomila et al., 2017) as well as the 

general secretion pathway (gsp) and type II secretion system. Hence, both bacteria 

are likely to secrete proteins into the extracellular space. 

Out of the enzymes investigated in this thesis, six were predicted to entail signal 

sequences for Sec-dependent translocation to the periplasmic space (Table 3-3), all 

originating from P. aestusnigri. However, predicted secretion did not correlate with the 

observation of organic solvent tolerance for most CEHs in this thesis. In case of the 

highly organic solvent tolerant enzyme CE13, secretion via the Sec-secretion pathway 

was predicted by the occurrence of a characteristic N-terminal signal peptide, 

comprising a signal peptidase II cleavage site (Table 3-3). This qualifies the protein as 

lipoprotein, showing an N-terminal lipobox sequence, Leu-Ser-Ala-Cys in case of 

CE13, with the cleavage site after Ala, and Cys being target of acylation. 
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Table 3-3 Prediction of secretion of the CEHs investigated in this thesis by amino acid sequence 

analysis with the program SignalP 5.0 (Almagro Armenteros et al., 2019). For A. borkumensis CEHs, 

no secretion signal was detected, hence, the results for P. aestusnigri CEHs are shown only. The 

enzyme identifier is given according to chapter 2.5 (ch. 2.5). The prediction identifies proteins with a 

Sec-signal peptide, comprising signal peptidase cleavage site I (Sec/SPI) or II (Sec/SPII), a Tat-signal 

peptide, comprising signal peptidase cleavage site I (Tat/SPI), or other proteins, meaning the absence 

of detectable signal peptides (OTHER). The organic solvent tolerance (OST) is indicated as in Table 

3-1.  

For a long time, it was believed that bacterial lipoproteins are 

exclusively found inside the cell, anchored either in the inner 

or the outer membrane and facing into the periplasm, but 

recent results show lipoproteins can be located outside the 

cell as well (Wilson and Bernstein, 2016). The pathway to 

direct lipoproteins to the inner side of the outer membrane, 

the Lol-pathway, comprises five proteins LolABCDE, where 

LolA functions as a shuttle for the lipoprotein, LolB as a 

receptor, and LolCDE resembles an ABC transporter 

(Okuda and Tokuda, 2011). Furthermore, secretion of 

lipoproteins across the outer membrane was reported to 

employ the type II or type V secretion pathway. However, by 

investigating the localization of lipoproteins in Borrelia burgdorferi, which lacks all 

numbered secretion pathways found in Gram-negative bacteria and lacks LolB, 

surface localization of many lipoproteins was detected. It was supposed, that LolA 

directs the respective lipoproteins to an undiscovered localization pathway, probably 

involving a specific flippase (Chen and Zückert, 2011). P. aestusnigri possesses 

homologs of LolA (WP_088274250.1) and LolCDE (WP_088276468.1; 

WP_088276466.1; WP_088276468.1) of the Lol-pathway but the draft genome 

sequence lacks a LolB homolog. However, due to the presence of different secretion 

machineries in the genome of P. aestusnigri, an export of CE13 to the cell surface or 

the extracellular space is possible. Hence, organic solvent tolerance of this enzyme 

may constitute an adaptation to the crude oil-associated lifestyle of the organism and 

a putative surface exposed localization of CE13. 

In general, enzymes from organic solvent tolerant bacteria are frequently reported to 

be tolerant for organic solvents (Gupta and Khare, 2009), thus this might be an inherent 

feature of enzymes from these microbes. In their review, Gupta and Khare listed about 

ch. 2.5 SignalP 5.0 OST 

CE13 Sec/SPII +++ 

CE14 OTHER + 

CE15 OTHER o 

CE16 Sec/SPI + 

CE17 Sec/SPI o 

CE18 OTHER o 

CE19 OTHER + 

CE20 OTHER + 

CE21 Sec/SPI + 

CE22 OTHER + 

CE23 Sec/SPII o 

CE24 OTHER + 

CE25 Sec/SPI o 
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20 such enzymes, however, they only found a few reports on the structural basis for 

organic solvent tolerance (Gupta and Khare, 2009). Studies which described the basis 

of organic solvent tolerance for the respective biocatalyst, assert that disulfide bonds 

and surface hydrophobicity relate to the organic solvent tolerance. 

The ability to hydrolyze polyester substrates is in general uncommon among carboxylic 

ester hydrolases. For example, in a comprehensive study of more than 200 purified 

CEHs, the authors found 36 enzymes active on polyester substrates, 12 of which were 

active with a PET trimer (Hajighasemi et al., 2018). CEHs active with large PET 

polymers or PET film are even less abundant, making PET hydrolases particular rare 

enzymes (Danso et al., 2018). For A. borkumensis, six enzymes were described before 

showing polyester hydrolytic activity (Hajighasemi et al., 2018), two of these were part 

of this thesis, CE04 (ABO1251) and CE06 (ABO2449). However, no polyester 

hydrolytic activity was observed for any A. borkumensis CEH used in this thesis with 

the substrate Impranil DLN (appendix, Figure 5-1). This difference can be reasoned by 

(I) the nature of the used substrates (Impranil DLN is a synthetic polyester-

polyurethane and the study by Hajighasemi et al. used polylactic acid derivatives 

mainly (Hajighasemi et al., 2018)) and (II) the use of purified enzymes by Hajighasemi 

et al. in contrast to the use of living cells in this thesis. The screening applied in this 

thesis might therefore be limited by common bottlenecks of function-based screenings, 

as low expression of the target gene, low stability of the enzyme in the host organism, 

or low enzyme activity under the chosen laboratory condition. Thus, a further 

investigation of enzymes identified in this thesis in form of purified protein can afford 

the opportunity to observe enzyme activities, which were missed so far. 

The investigation of Pseudomonads of the P. pertucinogena lineage, however, led 

straightforward to the identification of polyester hydrolases, which were found in every 

genome sequence available for bacteria of this phylogenetic lineage (chapter 2.2; 

(Bollinger, Thies, Katzke, et al., 2020)). Further investigation gave prove to a polyester 

hydrolytic phenotype of the respective organisms (chapter 2.6; (Molitor et al., 2020)). 

For one member of this lineage, P. aestusnigri, one enzyme was identified which was 

able to degrade the polyester-polyurethane Impranil DLN (CE16, appendix Figure 5-1) 

as well as PET film (chapter 2.7; (Bollinger, Thies, Knieps-Grünhagen, et al., 2020)). 

However, a causality of the occurrence of PET hydrolases related to the 

hydrocarbonoclastic lifestyle of this bacterium is not obvious. Nevertheless, there is 

indication that hydrocarbonoclastic bacteria might be enriched for this class of CEHs, 
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given by the fact, that in a large sequence-based bioprospecting study, the highest hit 

rate for PET hydrolases was found in a metagenome from a sample of a crude-oil 

contaminated site (Danso et al., 2018). 

For the novel CEHs recovered from the hydrocarbonoclastic bacteria in this thesis 

(Table 3-1), characteristics important for biotechnological applications, were 

investigated in more detail. In the following, the outstanding specimens CE07, CE13, 

and CE16 (also named PE-H in chapter 2.7) for substrate promiscuity, organic solvent 

tolerance, and polyester hydrolysis, are discussed in the light of the current knowledge 

to illustrate underlying principles of these features (Figure 3-2). 

 

 

Figure 3-2 Overview of the three CEHs CE07, CE13, and CE16, which were investigated in detail 

because of their outstanding features. The exceptional characteristic (✓) and its molecular basis (⮚), as 

discussed below (chapter 3.1.1, 3.1.2, and 3.1.3), are given. For the substrate promiscuous CE07 from 

A. borkumensis, a ribbon representation of a homology model (Mulnaes and Gohlke, unpublished) is 

shown, with the active site serine depicted as stick. The large size of the active site is illustrated by four 

different colored tunnels, computed with MOLE 2.0 (Sehnal et al., 2013), which conjoin next to the active 

site serine. For the organic solvent tolerant CE13 from P. aestusnigri, a molecular surface representation 

of a homology model (Mulnaes and Gohlke, unpublished) is shown, with basic amino acid residues 

colored blue and acidic amino acid residues colored red. For the polyester hydrolytic CE16 from 

P. aestusnigri, a molecular surface representation of the crystal structure of the engineered variant PE-

H Y250S (PDB code 6SCD) is shown. Substrate molecules were computed to bind to the surface 

exposed active site (MHET, yellow) and to a hydrophobic grove next to the active site (BHET, magenta) 

(Bollinger, Thies, Knieps-Grünhagen, et al., 2020). 
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3.1.1 High substrate promiscuity does not forbid chiral selectivity  

To measure the substrate promiscuity of CEHs, Martínez-Martínez and coworkers 

assembled a set of 96 esters of high structural diversity (Martínez-Martínez et al., 

2018). The number of esters hydrolyzed was used in this study as a basis for the 

classification of more than 145 CEHs according to their substrate promiscuity. This 

analysis of CE07 showed, that it was able to hydrolyze 65 out of 96 structurally diverse 

esters (chapter 2.5; (Bollinger, Molitor, et al., 2020)). Ranked within the enzyme set 

investigated in chapter 2.3 (Martínez-Martínez et al., 2018), this renders the enzyme 

one of the ten most promiscuous CEHs tested so far with this methodology (Figure 

3-3). In addition, CE07 was shown to react with demanding, water insoluble esters of 

relevant chemical building blocks (chapter 2.5; (Bollinger, Molitor, et al., 2020)). The 

enzymatic hydrolysis of these compounds was not shown before and points out great 

potential for an application of CE07 in pharmaceutical biotechnology, because these 

building blocks occur in the synthesis routes of many active pharmaceutical ingredients 

(Hameed et al., 2018). A biotechnological application of CE07 is therefore conceivable 

for the hydrolysis of complex, aromatic, halogenated, and water insoluble esters, as it 

moreover tolerates different organic solvents.  

 

Figure 3-3 Ranking of the substrate promiscuity for CEHs identified in this thesis among 145 diverse 

ester hydrolases. Data taken from chapter 2.3 (Martínez-Martínez et al., 2018) and 2.5 (Bollinger, 

Molitor, et al., 2020). The number of esters hydrolyzed out of 96 as a marker for substrate promiscuity 

is plotted against the enzyme identifier as defined in chapter 2.3 (black circles). Enzymes identified in 

this thesis are labeled according to chapter 2.5 (orange rectangles, black arrow). Enzymes showing 

prominent substrate promiscuity are highlighted (faded grey rectangle with dashed black line). 
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In accordance with the results shown in chapter 2.5, CE07 can cope with decent 

concentrations of different organic solvents. As shown in the bachelor thesis by 

Simone Söltl (Söltl, 2017), which was done in association with this thesis, CE07 

(named LipD by Söltl 2017) was tolerant for 30 to 40 % (v/v) of DMSO, methanol, 

ethanol, acetone, and for acetonitrile or isopropanol at concentrations up to 20 % (v/v). 

Thus, the usage of many organic solvents as cosolvents with CE07 is possible. 

A major drawback of many substrate promiscuous CEHs is their low chiral selectivity 

(chapter 2.4; (Coscolín, Martínez-Martínez, et al., 2018)). Interestingly, CE07 appears 

to be an exception and was strictly selective for the (R) enantiomer of Menthyl acetate 

and Methyl 3-hydroxybutyrate, when the (R) and (S) enantiomer of both esters was 

tested separately (i. e. not as racemic mixture) (Figure 3-4, left). A homology model of 

CE07 was calculated by the group of Holger Gohlke at the Heinrich Heine University 

Duesseldorf (unpublished), using TOPModel and TOPScore (Mulnaes and Gohlke, 

2018), which allowed molecular docking computation with (R/S)-Menthyl acetate as 

ligand using UCSF Chimera (Pettersen et al., 2004) with autodock VINA (Trott and 

Olson, 2009). The ligand structures were retrieved from ZINC database (Sterling and 

Irwin, 2015). Both enantiomers can be found in mirror-image orientation, with similar 

predicted free energies of binding (-6.1 kcal/mol for the R and -6.2 kcal/mol for the S 

enantiomer), in a reasonable distance to the catalytic serine (about 4 Å from the serine 

hydroxyl to the carbonyl carbon of the substrate) and in hydrogen bond distance (2.3 Å) 

between the ligand carbonyl oxygen and the amide backbone of Gly77 of the oxyanion 

hole (Figure 3-4, right). Hence, CE07 might be able to bind the two enantiomers and 

for that reason the selectivity of CE07 must be rationalized differently. In contrast to 

the selectivity for the hydrolysis of (R)-Menthyl acetate and Methyl (R)-3-

hydroxybutyrate, selectivity was low for other chiral esters such as Methyl (R)-3-

hydroxyvalerate, which differs in only one carbon atom of the main chain length from 

Methyl (R)-3-hydroxybutyrate, suggesting that distinct structural characteristics of the 

active site environment of CE07 define its selectivity. 

Various decisive characteristics of enzyme-substrate interactions are known with 

regard to enantioselectivity. A well investigated example is the lipase from Burkholderia 

cepacia (BCL), formerly known as Pseudomonas cepacia, which is enantioselective 

for multiple substrates. In this case, the enantioselectivity of the enzyme was 

rationalized by a better binding of the preferred enantiomer (Lang et al., 1998; Tuomi 

and Kazlauskas, 1999), a shorter hydrogen bond distance between the hydroxyl group 
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of the catalytic serine and the carbonyl carbon of the preferred substrate (Tomić et al., 

2001), or a higher rate of catalysis for the  preferred enantiomer (Mezzetti et al., 2005). 

However, it was also shown that the molecular mechanism of enantioselectivity of the 

same enzyme for different substrates can differ considerably. For example, Lang et al. 

showed that the preference for the (R) enantiomer of a chiral triacylglyceride substrate 

analog is based on unfavorable binding of the (S) enantiomer to BCL (Lang et al., 

1998), whereas Mezzetti et al. discovered no preference in binding of two enantiomers 

of a chiral primary alcohol substrate analog (nearly the same Km), but a 100-fold higher 

reaction rate (kcat) for the (S) enantiomer with BCL (Mezzetti et al., 2005). Thus, for a 

detailed characterization of CE07 enantioselectivity, enzyme kinetic studies and the 

test of racemic substrates are needed. 

substrate SF 

(R/S)-Menthyl acetate 100 (R) 

N-Benzyl-(R/S)-proline ethyl 
ester 

n. a. 

Methyl-(R/S)-mandelate 8 (S) 

(R/S)-Ethyl-4-chloro-3-
hydroxybutyrate 

2 (S) 

Methyl-(R/S)-3-hydroxybutyrate 100 (R) 

Methyl-(R/S)-3-hydroxyvalerate 6 (R) 

(R/S)-Neomenthyl acetate n. a. 

(R/S)-Pantolactone n. a. 

Ethyl-(R/S)-lactate 1 

Methyl-(R/S)-lactate 2 (R) 

Figure 3-4 Chiral selectivity of CE07. Left: the chiral selectivity factor (SF), expressed as ratio of the 

specific activity for the preferred enantiomer over the non-preferred, is given for 10 chiral substrates; 

“n. a.” means not active. The specific activity was determined for each enantiomer individually. Data 

from chapter 2.5, Table S2 (Bollinger, Molitor, et al., 2020). Right: zoom into the active site of CE07 

homology model with docked substrates (R)-Menthyl acetate (cyan) and (S)-Menthyl acetate (magenta). 

Amino acids of the catalytic triad and the oxyanion hole are shown as sticks with labels. Molecular 

surface (grey) was capped (white mesh) to allow insight into the buried active site. The lowest energy 

pose for each enantiomer, that allowed hydrogen bonding with the oxyanion hole (orange line), is shown. 

Molecular docking computation was done using UCSF Chimera along with autodock VINA. 

However, the fact that CE07 displayed high substrate promiscuity and chiral selectivity 

appears interesting for applications in the pharmaceutical industry for example, where 

large molecules are common as substrate for biocatalysis, and enantiomerically pure 

products are desired. The selectivity of CE07 for some chiral esters exemplifies the 

general ability of this enzyme for enantioselective hydrolysis and provides the basis for 
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an adjustment of selectivity toward further desired substrates by protein engineering. 

The engineering of enantioselectivity has been successfully performed in the past, e. g. 

by directed evolution, both with and without the knowledge of the protein structure, for 

many different enzyme classes (Jaeger and Eggert, 2004; Li and Reetz, 2016). 

A deeper insight into the molecular structure of CE07 would surely promote protein 

engineering approaches, for example a structure in complex with a substrate analog 

can help to reveal interaction sites for the tetrahedral intermediate and to compute 

models for enantioselectivity. For CE07 however, a crystal structure was not solved so 

far, mainly due to limitations in the purification of the protein. In a bachelor thesis by 

Deborah Weide (Weide, 2018), associated with the presented doctoral thesis, a simple 

partial purification procedure for CE07 was established, for a direct precipitation of the 

protein from cell extracts. The method based on precipitation of CE07 with ammonium 

sulfate allowed to avoid costly chromatographic purification methods, it thus might offer 

an economically feasible application for the enzyme. In addition, proteins which can be 

precipitated in an active form by the use of ammonium sulfate can be further processed 

with glutaraldehyde to form cross-linked enzyme aggregates (CLEAs) (Schoevaart et 

al., 2004; Roy et al., 2017). This immobilization technique avoids expensive 

immobilization supports, thus the economical application of CE07 can probably be 

increased by formulation as CLEA. 

 

3.1.2 Mechanistic insights into the organic solvent tolerance of CE13 

An extraordinary example for an organic solvent tolerant esterase was identified with 

CE13 (chapter 2.5; (Bollinger, Molitor, et al., 2020)). The enzyme was active in the 

presence of different polar organic solvents, for example 50 % (v/v) acetonitrile, and 

retained significant activity after several hours of incubation in 80 % (v/v) methanol, 

acetonitrile, 1,4-dioxane, and dimethyl sulfoxide. Although it is generally accepted that 

lipases and esterases have a high probability to show tolerance for organic solvents 

(Jaeger and Eggert, 2002), examples which are tolerant for such high concentrations 

as reported for CE13 are scarce. As an example, the lipase from Burkholderia 

ambifaria was reported to retain 60 % residual activity after incubation for 60 days at 

30 °C in 25 % of acetonitrile (Yao et al., 2013), which was revealed to be the most 

disruptive organic solvent tested in this study as well as in chapter 2.5 of this thesis. 

CE13 was not tested under the same condition, but at significantly higher acetonitrile 
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concentration (80 %) where it retained 33 % residual activity after 3 h incubation at 

30 °C. The molecular mechanism of the high organic solvent tolerance of CE13 is 

therefore very interesting. 

In general, the basis for organic solvent tolerance of enzymes is most probably 

composed of different cooperative molecular characteristics. To name a few examples, 

structural rigidity was reported as a hallmark for organic solvent tolerance, because it 

slows down the penetration of organic solvent molecules into the hydrophobic protein 

core (Mohtashami et al., 2018). Furthermore, the presence of charged amino acid 

residues on the protein surface as well as polar residues in the protein core was 

identified to significantly contribute to a proteins tolerance for organic solvents 

(Frauenkron-Machedjou et al., 2018). Likewise, thermostability has been suggested to 

be positively correlated with organic solvent tolerance (Doukyu and Ogino, 2010; 

Kumar et al., 2016), however without proof of causality so far. 

The organic solvent tolerant CE13 from the marine mesophilic bacterium P. aestusnigri 

shows two important features which relate to organic solvent tolerance. First, the 

protein comprises a high number of negatively charged amino acid residues, leading 

to a theoretical pI of 4.1 as calculated with the program ProtParam (Gasteiger et al., 

2005). Second, the amino acid sequence shows six Cys residues, which might be 

involved in disulfide bond formation and thus, stabilizing the protein structure. These 

features were investigated in greater detail during a master thesis conducted by Marvin 

Bulka within the framework of this thesis, complementing the presented studies on 

CE13 (Bulka, 2019). By enzyme activity measurements Bulka showed, that CE13 is 

not thermostable, exhibiting a half-inactivation point at about 50 °C. Furthermore, 

Bulka observed extraordinary tolerance of CE13 for different organic solvents and 

chemicals, including harsh denaturants like SDS or urea. In absence of a crystal 

structure for CE13, a homology model was computed by the group of Holger Gohlke 

at the Heinrich Heine University Duesseldorf (unpublished) using TOPModel and 

TOPScore (Mulnaes and Gohlke, 2018), which was used to compare structural 

features with a homology model of EstDL30, computed with Phyre2 (Kelley et al., 

2015). Est DL30 is a structural homolog of CE13 (rmsd about 0.7 Å) that was reported 

to be less tolerant for organic solvents and denaturation agents (Tao et al., 2011), thus 

might reveal structural determinants for CE13 stability. Based on this comparison, 

Bulka suggested that the negative surface charge of the protein contributes to the 

resistance for the anionic detergent SDS and further strengthened this hypothesis by 
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enzyme inactivation measurements with cationic detergents and divalent cations 

(Bulka, 2019). Moreover, the author studied the stability of CE13 by nano differential 

scanning fluorimetry upon the addition of a reducing agent, an anionic, and a cationic 

detergent (Figure 3-5). 

 

Figure 3-5 Nano differential scanning fluorimetry measurement of the thermal melting point of CE13 

upon incubation with different additives. Data taken from (Bulka, 2019). The thermal melting point (Tm) 

is located at the local maximum of the curve. Either 0.1 % of anionic detergent sodium dodecyl sulfate 

(SDS, light grey), 0.1 % of cationic detergent cetrimonium chloride (CTAC, dark grey), 0.4 M of reducing 

agent dithiothreitol (DTT, blue), or no additive (no additive, green) were added to CE13. Tm were 70.4 °C 

(no additive), 69.9 °C (SDS), 64.6 °C (DTT) and 46.0 °C (CTAC).  

The results indicate reduced stability of the protein with the reducing agent DTT 

present and a severely lower melting point upon the addition of the cationic detergent 

CTAC. Addition of anionic detergent SDS however, did not reduce the melting point of 

CE13. These observations are in good agreement with the hypothesized relevance of 

negative surface charge and disulfide bonds for the high tolerance of CE13 for organic 

solvents and chemical denaturants. 

Moreover, studies of the SDS tolerance of CE13 gave the first evidence for a high 

kinetic stability of CE13, which may represent one more feature related to the high 

organic solvent tolerance of the enzyme. In general, proteins exist in an equilibrium 

between native and unfolded state, which are characterized by a difference in Gibbs 

free energy (ΔG) (Figure 3-6). Kinetically stable proteins show a high activation energy 

of unfolding (ΔG‡), which traps the protein in a native conformation (Manning and 

Colón, 2004). Therefore, kinetically stable proteins have a slow rate of unfolding in the 
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presence of chemical denaturants, show resistance to proteases, and exhibit a long 

half-life (Colón et al., 2017).  

 

Figure 3-6 Reaction coordinate diagram for protein unfolding. The native state (N) of a protein shows 

lower Gibbs free energy (ΔG) than the unfolded state (U); therefore, the native state is 

thermodynamically favored. To unfold a protein, energy is required to reach the transition state (TS) of 

the reaction on the way toward the unfolded state. The energy difference between the native state and 

the transition state is called activation energy (ΔG‡). Kinetically stable proteins are trapped in the native 

state by a high activation energy for protein unfolding (Manning and Colón, 2004). 

However, the basis of the observed kinetic stability of CE13 remains to be proven. To 

gain deeper insights into the molecular mechanism of organic solvent tolerance of 

CE13, molecular dynamics simulations of the interaction of the protein with organic 

solvent could be carried out as it was already successful for the analysis of organic 

solvent tolerance of the B. cepacia lipase BCL and other enzymes (Mohtashami et al., 

2018).  

 

3.1.3 Molecular characteristics of CE16 suggest possible applications  

For the degradation of synthetic polyesters, including the abundant waste polymer 

polyethylene terephthalate (PET), CE16 (named PE-H in chapter 2.7) was identified 

as one of the first examples of PET degrading enzymes from a marine mesophilic 

bacterium. Its crystal structure was shown to represent the first example for a PET 

hydrolytic enzyme of type IIa (chapter 2.7; (Bollinger, Thies, Knieps-Grünhagen, et al., 

2020)). High structural similarity to other described PET hydrolases was shown, with 

differences in the orientation of five loop regions. A drastic effect of the orientation of 

two of these loops, the first connecting β3-α2, and the second connecting β4-α3, was 

shown by a mutational analysis. This difference was connected to a specific amino 

acid position, where a substitution from tyrosine to serine led to a structural 
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rearrangement, and to enhanced hydrolysis of various substrates. Similar biochemical 

effects were reported for a homologous cutinase, TfCut2 from Thermobifida fusca, 

mutated at the same position (Furukawa et al., 2019), but structural evidence 

explaining these results was not included in the respective study. Because of the high 

structural homology among this class of enzymes, a similar mechanism like it was 

shown for CE16 might apply to this enzyme too. 

With such deep insights into the molecular mechanism of this biocatalyst, a rational 

evaluation of future applications is possible. For PET hydrolytic enzymes like 

cutinases, various applications were suggested before (Figure 3-7). 

(I) The bioremediation of plastic waste, which was released in the environment, might 

be the most obvious field of application for PET hydrolyzing enzymes. Hence, it was 

suggested by different studies dealing with microbial plastic degradation in the past 

(Webb et al., 2013; Kumar et al., 2016; Wei and Zimmermann, 2017b, 2017a; Danso 

et al., 2019; Hiraga et al., 2019; Kawai et al., 2019; Salvador et al., 2019). A special 

challenge is the low temperature in most polluted sites and the fact that many efficient 

PET degrading enzymes originate from thermophilic organisms. Thus, their activity at 

low temperature is not sufficient. The first known and best studied example for an 

enzyme, which is active with PET at ambient temperature, is PETase from Ideonella 

sakaiensis (Yoshida et al., 2016). The bacterium I. sakaiensis can degrade and 

assimilate PET, by employing the two enzymes PETase and MHETase. Therefore, a 

direct conversion of the recalcitrant polyester to bacterial biomass is possible and 

paves the way to various recycling and upcycling processes. Since its identification in 

2016, the application of PETase was exemplified for biocatalytic PET degradation 

(Yoshida et al., 2016; Han et al., 2017; Austin et al., 2018; Joo et al., 2018), and 

suggested to contribute to a circular PET economy (Wierckx et al., 2018; Hiraga et al., 

2019; Taniguchi et al., 2019). Moreover, PETase was reported to be actively 

expressed in marine microalgae, opening the possibility to develop photobioreactors 

for sun-light driven PET degradation processes, or enabling bioremediation strategies 

in marine habitats to clean PET-polluted sites (Moog et al., 2019). 

(II) The application of thermostable cutinases like TfCut2 from Thermobifida fusca can 

facilitate biotechnological PET recycling processes. In particular the combination of a 

reaction temperature close to the glass transition temperature of PET (around 80 °C), 

at which the amorphous regions of the polymer become more flexible and thus more 
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accessible for enzymatic attack, and the addition of an ionic detergent to facilitate the 

binding of the catalyst to the polymer was shown to enhance the catalytic activity 

significantly toward PET (Furukawa et al., 2019). The authors further suggest an 

industrial application in combination with a flow reactor. 

(III) The treatment of wastewater for polyester particles is an example where PET 

hydrolytic enzymes from mesophilic bacteria are considered promising. An enzyme 

(PpelaLip) originating from Pseudomonas pelagia, a close relative of P. aestusnigri, 

was successfully applied for poly(oxyethylene terephthalate)-based polymer hydrolysis 

under simulated wastewater treatment plant conditions (Haernvall et al., 2018). 

(IV) In the textile industry, polyester fibers are used due to their low price, robustness, 

and easy manufacturing, but some features of the material can be cumbersome, for 

example the hydrophobicity of the textiles surface. Treatment with cutinases can 

increase the hydrophilicity of these surfaces by producing free hydroxyl and carbonic 

acid groups (Nikolaivits et al., 2018). This procedure was recognized by the 

Novozymes company in a patent in 1997 (Riegels et al., 1997). 

(V) Besides the hydrolysis of polyesters, the synthesis reaction of such is catalyzed by 

cutinases too (Nikolaivits et al., 2018). The enzymes thus may also find application in 

the synthesis of polyester materials. The cutinase from Humicola insolens (HiC)  was 

used for the polycondensation of different diacids and diols (Hunsen et al., 2007). 

However, the use of bulk organic solvents and high temperature restricts the 

application to cutinases able to cope with these harsh reaction conditions. Another 

example for an application in a synthesis reaction, avoiding bulk solvent and high 

temperature, was shown with PETase in a double transesterification reaction to yield 

the diester of 2,5-furandicarboxylate and 1,4-butanediol, a precursor of the bioplastic 

polybutylene adipate-cobutylene 2,5-furandicarboxylate (PBAF) (Parisi et al., 2019). 

Remarkably, the transesterification was carried out in the presence of 50 % aqueous 

solution. 
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Figure 3-7 Possible applications for polyester hydrolytic enzymes. The structure of CE16 mutant Y250S 

(PDB code 6SCD) is depicted in the center with pictures of examples for applications shown around. 

Pictures of the plastic bottle on a seashore (by Brian Yurasits), blue labeled plastic bottles (by Tanvi 

Sharma), wastewater treatment plant (by Ivan Bandura), and assorted colored thread lot (by Héctor J. 

Rivas) were retrieved from https://unsplash.com licensed under public domain (CC0). 

Of the above listed applications of PET hydrolytic enzymes, CE16 may be suited as 

wastewater treatment enzyme (III), for the modification of polyester fibers (IV), or the 

synthesis of (poly-)esters (V). Because of its high enzymatic activity at low temperature 

– CE16 showed the highest activity at around 20 °C and retained about 50 % activity 

at around 10 °C (Turkes, 2019) – the enzyme may directly be applied to cleave 

polyester substrates in wastewater, or used as a laundry detergent enzyme for 

washing at low temperature, which goes along with tremendous energy savings. 

However, the use of CE16 as a washing agent enzyme might be hampered due to 

stability issues and might require protein engineering to enhance the enzyme’s 

tolerance for detergents. In a bachelor thesis by Lejla Turkes, which was conducted in 

association with this thesis, CE16 was found to be rapidly inactivated by low 

concentrations of surfactants, exemplified by rhamnolipids (Turkes, 2019), biological 

surfactants applicable in detergents. In a first attempt to use CE16 in a synthesis 

reaction, the synthesis of different aliphatic wax esters was demonstrated (Figure 3-8). 

https://unsplash.com/
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The synthesis of polyesters with CE16 was not investigated so far, but an application 

similar to the transesterification of 2,5-furandicarboxylate and 1,4-butanediol shown for 

PETase (Parisi et al., 2019) is conceivable, with respect to the observed synthetic 

activity of CE16. 

 

Figure 3-8 Assessment of the synthesis of different aliphatic wax esters by CE16, using the method 

described by Sandoval and Marty (Sandoval and Marty, 2007). The enzyme (CE16), or buffer without 

enzyme (control) was applied to agar plates (left side) containing an aliphatic alcohol and a fatty acid 

(7.5 g/l nonanoate or myristate; 7.5 g/l 1-octanol, 1-decanol, or 1-myristol; 1.5 g/l gum arabic; 10 mg/l 

rhodamine B; 1.5 % (w/v) agar-agar in LB medium). Pictures were taken after 48 h incubation at 30 °C. 

The white substance around the application spot of the enzyme shows the produced wax ester upon 

esterification activity of the enzyme. Structural formulas of the ester products are shown (right side). 

Otherwise, applications like bioremediation of waste PET (I), or industrial PET 

recycling (II) are probably not feasible with CE16. For practical bioremediation of PET, 

application of microorganisms able to metabolize the polyester is advantageous over 

the application of pure enzyme. The originating organism of CE16, P. aestusnigri, 

however is most probably not able to fully degrade and assimilate PET, since a 

homolog to the second key enzyme in the PET catabolic pathway identified in 

I. sakaiensis, named MHETase (Yoshida et al., 2016), is missing. Similarly, the low 

thermostability of CE16 is a limit for its application in an industrial PET recycling 

process. The highest enzymatic degradation rate for PET can be achieved close to the 

glass transition temperature of PET (around 80 °C). Thus, the efficiency of 

thermostable enzymes from thermophiles is in general superior to PET hydrolyzing 

enzymes from mesophiles (Wei et al., 2019). For CE16, immobilization experiments 

were carried out to increase its thermostability. In a bachelor thesis conducted by Alina 

Kuklinski, in the frame of this doctoral thesis, first immobilization trials were done 
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(Kuklinski, 2017). The immobilized CE16 showed improved thermal stability, retaining 

20 % of its initial activity at 70 °C, and reusability of the immobilized enzyme 

formulation. Thus, the usage of CE16 in other forms than free enzyme is in principal 

possible and might allow an application at elevated temperature. 

 

3.2 Protein engineering towards the dream biocatalyst – combining 

industrially important features  

For industrial application of biocatalysts, process transfer from small to large scale is 

one of the most challenging steps. This is made more difficult by the need to change 

the biocatalyst depending on the reaction to be catalyzed or the substrate to be used. 

Every biocatalyst-substrate combination comes with different requirements, which 

must be optimized individually. With highly promiscuous enzymes, however, the 

chance is high to be able to reuse established industrial process conditions and avoid 

upscaling bottlenecks to a large part. In theory, such promiscuous “dream” biocatalyst 

can catalyze reactions with a wealth of substrates at varying process conditions. In 

reality, this might not be achievable with one single protein, but with some requirements 

fulfilled by a given enzyme, an approximation to this utopic biocatalyst is possible. 

The here investigated features, substrate promiscuity, organic solvent tolerance, and 

polyester hydrolysis are desirable in combination to obtain a robust and simultaneously 

versatile biocatalyst. The investigated features come with specific biochemical and 

biophysical characteristics of which some may combine well, and others may exclude 

each other (Figure 3-9). For example, high substrate promiscuity of an enzyme usually 

comes along with decreased enantioselectivity (chapter 2.4; (Coscolín, Martínez-

Martínez, et al., 2018)). However, enzymes exist which display enantioselectivity and 

substrate promiscuity at the same time (CE07, chapter 2.5; (Bollinger, Molitor, et al., 

2020)) and methods are at hand to engineer such important features in a 

straightforward and reliable way (Li and Reetz, 2016; Sun et al., 2016). Thus, a 

substrate promiscuous enzyme may be used as a chassis, which can be modified to 

fit specific tasks, and therefore enabling to benefit from an optimized process for this 

biocatalyst for different products. An inherent feature of most highly substrate 

promiscuous CEHs is a large and buried active site, to provide on the one hand enough 

space for the substrate to bind and on the other hand to prevent unfavorable contact 

of the substrate with the surrounding solvent (chapter 2.3; (Martínez-Martínez et al., 
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2018)). In contrast, polyester degrading enzymes feature solvent accessible active 

sites to enable binding of the hydrophobic polymer chain (chapter 2.7; (Bollinger, 

Thies, Knieps-Grünhagen, et al., 2020)). Hence, the feature of polyester hydrolytic 

activity and broad substrate spectra for non-polymeric substrates is contradicting. 

The organic solvent tolerance of proteins is often connected to the rigidity of their three-

dimensional structure, because denaturation of proteins by organic solvents occurs 

due to penetration of organic solvent molecules into the hydrophobic protein core. The 

hydrophobic interaction between amino acids of the protein core, which is the main 

driving force of protein stability (Pace et al., 2011), is then disturbed by the organic 

solvent molecules, leading to a loss of structure. Characteristics which decelerate this 

process effect a tolerance for organic solvents. 

 

Figure 3-9 Interdependence of substrate promiscuity, organic solvent tolerance, and polyester 

hydrolytic activity of CEHs. Features which combine well are connected by a green arrow, contradicting 

characteristics are connected by a red arrow. In the center, the lipolytic biocatalyst is exemplified by a 

predicted structure of CE13 (Mulnaes and Gohlke, unpublished). Pictures of the plastic bottle and the 

Erlenmeyer flask were retrieved from servier medical art (https://smart.servier.com/), licensed under 

Creative Commons Attribution 3.0 (CC BY). 
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Hence, mutations increasing the organic solvent tolerance of Bacillus subtilis lipase A 

(BSLA) were reported for substitutions to amino acids with polar residues at buried 

positions along with substitutions to charged amino acid residues at surface exposed 

positions of the protein (Frauenkron-Machedjou et al., 2018). Polar residues thereby 

support hydrogen bond formation in the protein inner core to stabilize the folded state 

(or the other way around, to destabilize the unfolded state), and charged residues at 

the protein surface contribute to maintain the hydration shell. Thus, regions 

contributing to enhanced protein stability can be located apart from the active site of 

an enzyme and therefore, amino acid substitutions which increase the organic solvent 

tolerance, and which alter the substrate specificity of a CEH, might be introduced to 

the same protein. Conclusively, the combination of substrate promiscuity and organic 

solvent tolerance might be possible in a single enzyme. 

For polyester hydrolytic enzymes, organic solvent tolerance does not appear 

mandatory, but the underlying molecular mechanism of organic solvent tolerance might 

facilitate their application. In case of the organic solvent tolerant CE13, kinetic stability 

was suggested to be the basis of this feature (chapter 2.5 and 3.1.2), which also 

caused resistance to chemical denaturants like SDS, and is known to cause a long 

enzyme half-life due to structural rigidity (Colón et al., 2017). For polyester hydrolysis 

at low temperature, as shown for PET hydrolytic enzymes from mesophilic organisms 

e. g. PETase or CE16, durability is of high value, because the decomposition of 

synthetic polymers like PET usually occurs at a slow rate and thus takes much time. 

For example, the PET degrading microbial consortia “no. 46”, which was the source of 

the PET degrading bacterium I. sakaiensis, degrades PET film at 30 °C at a rate of 

0.13 mg cm-2 day-1 (Yoshida et al., 2016). An acceleration of the PET decomposition 

was shown for example by the addition of SDS for the I. sakaiensis PETase (Furukawa 

et al., 2018). Therefore, enzymes with a long half-life and tolerance for chemicals like 

SDS, as seen for CE13 (chapter 2.5 and 3.1.2), are of considerable relevance for 

polyester hydrolysis under these conditions. The molecular characteristics for the 

kinetic stability of CE13 are connected to the negative surface charge of the enzyme 

and stabilizing disulfide bonds (chapter 2.5 & 3.1.2). However, a combination of 

molecular characteristics for polyester hydrolysis and kinetic stability might not be 

feasible. This is mainly due to the contradiction of structural rigidity as a hallmark for 

kinetic stability and structural flexibility as a hallmark for polyester hydrolysis, as seen 

by the surface exposed and flexible active site of PETase (Fecker et al., 2018). 
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Mutations decreasing the protein flexibility by addition of intramolecular contacts, as 

reported for additional polar interaction in BSLA (Frauenkron-Machedjou et al., 2018), 

might therefore also reduce the PET hydrolytic activity of PETase. Moreover, the 

modification of the surface charge might likewise not be feasible for polyester 

hydrolases, as demonstrated by the substitution of four cationic surface exposed 

amino acids of PETase to glutamic acid, which led to a clearly decreased PET 

degradation rate (Furukawa et al., 2018). 

The combination of multiple mutations with beneficial impact for a specific 

characteristic, e. g. enantioselectivity, within one enzyme was demonstrated several 

times (Li and Reetz, 2016), however the combination of mutations affecting different 

characteristics, like stability and selectivity, was not investigated in detail so far. Yet it 

was shown that most mutations which introduce a new function to an enzyme cause 

destabilization to the protein (Tokuriki et al., 2008). Hence, naturally stable proteins 

are generally thought to tolerate more destabilizing mutations as a tradeoff for 

enhanced catalytic characteristics (Socha and Tokuriki, 2013). With regard to this, the 

basis for a biocatalyst which is meant to be extensively modified by protein engineering 

to fulfill different industrially relevant functions, should be extraordinary stable by 

nature.  

In conclusion, the combination of all three features, organic solvent tolerance, 

substrate promiscuity, and polyester hydrolysis in a single biocatalyst is difficult due to 

conflicting molecular characteristics of the features among each other. To design a 

CEH, close to the ideal biocatalyst, which shows as much of these features as possible, 

the combination of substrate promiscuity and organic solvent tolerance can be 

recommended. For example, CE13 identified in this thesis could be used as a chassis 

for substrate specificity engineering, because of its high structural stability by nature 

(CE13 showed 60 % residual activity after incubation in 80 % methanol for 3 h) and its 

likewise broad substrate range (51 out of 96 substrates hydrolyzed) (chapter 2.5; 

(Bollinger, Molitor, et al., 2020)). As discussed above, both features are not 

contradicting and can be further improved by protein engineering approaches. A 

combination of polyester degradation with the other two desired features, organic 

solvent tolerance as an effect of kinetic stability, and substrate promiscuity, is not easily 

possible, but the combination of the latter two in one single biocatalyst is realistic. 
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3.3 Future perspectives and research needs 

To promote the change from chemical to biochemical processes and enable a bio-

based economy, the demand for novel biocatalysts is high. Nowadays the availability 

of putative enzyme candidates is not limiting, but robust data on biochemical and 

biophysical properties of the enzymes are. In this thesis, novel CEHs from marine 

hydrocarbonoclastic bacteria were identified, isolated, and characterized regarding 

their potential for polyester hydrolysis, as well as their substrate spectra, and organic 

solvent tolerance.  

To accomplish this, an assay was established to identify CEH activity in the presence 

of polar organic solvents. By this strategy, 16 organic solvent tolerant CEHs were 

identified, including one highly tolerant enzyme (CE13). Further protein stability studies 

of this enzyme point to kinetic stability or structural rigidity as the basis of tolerance for 

organic solvents as well as detergents. However, without a known structure of the 

protein, rationalization of the observed stability is complicated. Future studies should 

therefore aim to solve the 3D structure of CE13; with this at hand, molecular dynamics 

simulations can be used to unveil stability determinants as it was shown for different 

proteins before (Mohtashami et al., 2018). By comparison to a homologous protein, 

which does not show high stability under the same conditions, regions of the protein or 

positions in the amino acid sequence of the polypeptide relevant for stability can be 

identified. The most similar enzyme in terms of protein sequence identity, which was 

characterized for organic solvent tolerance is EstDL30 (33 % global sequence identity 

to CE13; complete inactivation after 40 minutes with 30 % acetonitrile), a CEH derived 

from a soil metagenomic library (Tao et al., 2011). However, no structural data of this 

enzyme is available, thus structural elucidation of this CE13 homolog can help to 

understand the high organic solvent tolerance of CE13. 

Among the CEHs investigated in this thesis, multiple enzymes with a broad substrate 

spectrum were identified. This feature is on the one hand beneficial for a broad 

applicability of the biocatalysts, but on the other hand comes along with low chiral 

selectivity, which is crucial for applications where enantiopure products are desired. 

Interestingly, CE07 showed selectivity for some chiral esters when the enantiomers 

were provided separately. Real applications however use racemic mixtures of 

substrates for kinetic resolution. Thus, CE07 must be tested with racemic substrates 

in the future to evaluate potential application for kinetic resolution. Moreover, a 
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mutagenesis of the enzyme to increase selectivity is possible with well-established 

methodologies of protein engineering (Li and Reetz, 2016). In future studies, a crystal 

structure of CE07, best in complex with a chiral substrate analog, will be of great help 

to understand the substrate specificity of this enzyme in detail. 

In case of the polyester hydrolytic enzyme CE16 (named PE-H in chapter 2.7), different 

possible applications could be suggested based on biochemical characteristics and 

knowledge of the three-dimensional structure. Further studies can now evaluate the 

enzymes performance under real and simulated application conditions. In addition, the 

diversity of CE16 homologs among bacteria of the P. pertucinogena lineage (chapter 

2.2; (Bollinger, Thies, Katzke, et al., 2020)) has not yet been investigated in detail, but 

significant differences in the polyester hydrolytic activity of the organisms were 

observed (chapter 2.6; (Molitor et al., 2020)), which suggest differences in the 

respective biocatalysts. Revealing these differences can further deepen our 

understanding of the polyester hydrolytic mechanism of this class of enzymes. The 

investigation of a number of polyester hydrolytic enzymes is especially important, since 

no structure of such an enzyme in complex with its polymeric substrate exists yet, thus 

a set of different enzymes’ structures, which are able to bind the same polymeric 

substrate, can help to develop a reliable model for polyester hydrolysis. 

Another strategy that is promising for the future design of a next generation biocatalyst 

is the introduction of additional active sites to an existing enzyme scaffold (Santiago et 

al., 2018). These “plurizymes” have been shown to significantly alter an enzyme’s 

substrate spectrum and even allow to equip an enzyme with completely new catalytic 

mechanisms, as exemplified by introduction of a chemocatalytic site for Friedel-Crafts 

alkylation into an artificial esterase active site (Alonso et al., 2020). The highly stable 

biocatalysts identified in this thesis are best suited as scaffolds for such modifications, 

since stable proteins allow the alteration of a higher number of amino acid residues 

(Socha and Tokuriki, 2013).
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5 Appendix 

5.1 Polyester hydrolysis of CEHs used in this thesis 

 

Figure 5-1 Activity of CEHs used in this thesis with Impranil DLN as a substrate. The distribution of the 

CEH producing E. coli cells is shown on the top. The first four rows apply the pET-22b(+) expression 

vector with E. coli strain BL21(DE), the last three rows apply the pCR-XL-TOPO vector with E. coli strain 

TOP10. Either single genes (pET-22b(+) vector) or genome fragments of 5 kbp at average (pCR-XL-

TOPO vector) were cloned. E. coli BL21(DE) cells transformed with the unmodified pET-22b(+) vector 

were used as a control. Agar plates with 0.4 % (v/v) Impranil DLN suspension as substrate are shown 

below the table. Pictures were taken after 48 h incubation at 30 °C; clearing halos around bacterial 

colonies indicate polyester hydrolase activity. LB medium supplemented with either 100 µg/ml ampicillin 

or 50 µg/ml kanamycin was used to prepare the agar plates. Plates prepared with ampicillin were 

supplemented with 0.4 mM IPTG as inducer. CE01 was the HZ lipase from Aneurinibacillus 

thermoaerophilus strain HZ, CE02 to CE12 originate from A. borkumensis, and CE13 to CE26 originate 

from P. aestusnigri; respective protein identifier can be found in chapter 2.5 and Table 3-1. 
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5.2 Gene sequences of CE01 to CE25 in FASTA file format 

>CE01 

ATGCAAAAGGAAAGAAAAAATCAATATCCAATCGTTCTAGTTCATGGGTTTGCAGGTTGGGGAAGAGA

TGAAATGCTGGGTGTAAAGTACTGGGGTGGAATGCATGACATTCAAGAGGATTTGAAACAGTATGGTT

ACGAAACACACACTGCGGTAGTAGGACCGTTTTCAAGTAACTGGGATCGTGCATGCGAATTATATGCT

CAACTTGTTGGTGGAACAGTGGATTATGGTGCTGCACACGCTGAAAAATATGGACATGACCGGTTTGG

TCGAACCTATCCTGGGCTTTTGAAGAATTGGGATGGAGAACACAAAATCCATTTAATCGGACATAGCA

TGGGTGGACAGACGGTTCGTGTGTTAACGCAATTGTTAAAAGAGGGAAGCCAGGAAGAACGAGAGTAT

GCGAAAAAGCATGGGGTGCAATTGTCTCCGCTATTTGAAGGTGGGAAGTCGTGGGTTCACAGTGTAAC

AACGATTGCAACGCCGAACGATGGTACAACGTTGGCTGATGTAGTGACACAACTCATTCCAGCAGCAC

AACAAATTATGGGACTGGCTGCTGCGGTGTCAGGCAATACAAATGTACCGGTTTATGACTTCAAACTC

GATCAGTGGGGATTGAAAAGAAAAGCAGGTGAATCCTTTGTGCACTATGCGGATCGCGTATGGAATAG

TGGAATTTGGACAAATACAAAAGATATTAGTGCATGGGACCTCAAACCAGAAGGAGCCAAAGAGCTGA

ATAACTGGGTAAAAGCGCAGCCGGATGTCTATTATTTCTCATACAGTGGAGAAGCTACATTCAGAAGT

CTGATCACGGGACATCATCTCCCAGATCTAACAATGAATAAATTGATTACTCCATTTGGTATTTTCTT

AGGCTGCTACGGCAGTGATGAAAAGTGGTGGCAGAATGATGGGATTGTAAACACAATTTCGATGAATG

GGCCGAAGCTTGGCTCAACAGATGAGATTGTCCCATATGATGGAACACCTAAAATCGGAAAATGGAAT

GACATGGGGATTCAGGAAAACTGGGATCATGCTGATTATATTGGGCTCAGTCTTTCATATGTTTTGGG

AATAGAAAAAATTGAAGATTTCTACCGTGGCGTTGCAGATATGCTTGGTTCATTATCTGTGAGATAA 

 

>CE02 

ATGAATCCTGCCGTTATTGAGCGGGCCACGGTACGTGCCCTGATGTCTTTGCCGGGCCCGGTTTTGGA

GCGTTTGGCTGCGGGTTTGGAAACCCATAGTCGTCCGCATTTGGATTCGCGTCTGCGCTTTCTGCTTG

CGCTCAGTGGGGCCAAGCCCACCCTGGATTCAGGGACGGTGGAGCAGGCTCGGCAGATTTATCGGAGC

ACGCTGGCATTGCTAGATATGGCACCGGTTAGCCTTCCTGTGGTTGTTGATCATCAGGTTAGCATGGA

GGACGGTAGCCAAATTCTAGTGCGGCGTTATCGCCCGGCCGATGCTCCGCTGGTGTCACCGGCTATTA

TGTTTTTTCACGGTGGAGGATTCACTATTGGCGGTGTTGAAGAGTATGACCGGTTGTGTCGCTATATA

GCGAAGCGTACCAATGCGGTGGTGCTGAGTGTGGATTACCGGTTGGCGCCGGAACACCCAGCCCCTGC

CGGCATGGATGATGCGTTGGAGGCTTGGCGCTGGTTGCTGAATAACACCGCGCAGCTGGGGCTTGATC

CGAACCGCTTGGCGGTGATGGGCGATAGCGCTGGCGGCTGCATGAGCGCAGTGGTGTCACAACAGGCC

AAGCTGGCCGGCCTGGCGTTGCCAGCTTTACAGGTGCTGATCTACCCCACCACTGACGCCGCCCTGGC

CCACCCTTCCGTGCAAACGTTGGGGCAAGGGTTCGGCTTGGATATACCGCTGCTGACTTGGTTCCGAG

GACACTTTGTTCAAGACCCAGCGGTGATCGAGGACTACCGCGTTTCGCCCCTGCGCAACCCTGATTTA

ACTGGCCTGCCTGAGGCGATCGTTATCACGGCTACGGATCCCTTGCGGGACGAAGGCTTGGAGTACGC

CCAAAAATTACGTGAGGCAGGAAACACGGTGACCTCACTGGATTATCCCGAACTGATACACGGCTTTA

TTTCCATGGGGGGTGTTGTTCCGGCGGCGCGTAAGGCAATCAATGACATTTGCGTTGAGACCAAGCGG

CGGTTGTGA 

 

>CE03 

ATGGCTTCTATTCCCGCACACCTCATGAAGTTGCTTCTTCGTGCCGGGGTCAAGCGCGATATACGCGA

CCCGGACAAACTGGTAAAGCACTTACGCAGAGCAATGAACGCTCCTTTGGCGCCCTCACCGCTTCCAC

GCGGAATACGGTTACAGCGAGGCAAGGTTGCCGGGACGGCAGGCCACTGGCTCAGCCCCACCGACCCA

CAAACAACCATACTCTACCTGCATGGTGGCGCGTTTATTGGTGGCCGCCTTGCAACCTATCACAACTT

TTGTGGCCATCTGGCCCGCACGCTTAACGCGCGGGTTTTTCTTCCAGATTACAGACTCGCGCCAGAGC

ATCCGTTCCCGGCAGCGACGGATGATGCCTTTAATGTTTATCGTGAACTAATGGCTGATCCCCGCCCT

ATAGTCATTGCTGGAGACTCCGCAGGGGGCAACCTGACTCTGGTCACGCTACTACGCGCCCGAGATCA

CAAGCTGAGAATGCCGGCCTGTGCCGTAGCCATCTCCCCAGCATCAGATGCCCGAGGCAATTTGATGT

CCCGACAGGCGAATAGCGACAGTGATGCCATGCTATCTCACTGCATGATTGAGGTCGCAACGGATGTC

TACTTGGCAGGCGCTGATCCCGCCCACCCATATGCCTCACCAATCACCCAAGACTTTACCGGCTTGCC

ACCTCTACTTTTCACTGTAAGCAGCGAAGAGTGCCTGCGCGACGATGCCTATGCAGCCGCTCACTGCG

CCCGACAAGCCGGCGTGCCTGTGCAGCTTCTGGAACGTAAAGATATGCCACACGTCTGGCCCGTATTC

ACTTTCCTGCTGCCGGAGGCAAAACAAGACCTCCCCACAATCGTCCGTTTTCTTCGCAAATATCTTGC

CACCACAGACGCCCACGAGGAGGCATTTCACACTGCAAACGAGAGCGACACGACAATCCCGGAGATAT

CGTCATGA 
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>CE04 

ATGACAGCAATAATTCGTCAGGGGCGTTATCAAGGACTTAGCAGCAAGGGCGTAACGGAGTATCGAGG

TATTCCGTTTGCCAAGGCGCCACTGGGTGAGTGGCGCTTTAAAGCCCCTCAACCGCTACCGGACAGCG

AAGACTGTGTTAACGCTGACCGTTACCCCCTGGCGTCATTGCAGCCACGCAATCCTATAATGGGAATT

CAGGAATCCGGTGAAGATTGCCTTTATCTGAATATCTGGGCCCCTGAAGGTGAGGGCCCGTTTCCGGT

GATGGTGTGGTTCCATGGCGGAGGCTATATGGCAGGCTCCACGTCCCAGGCTCTATATAATGGCGCAG

AGTTAGCACGCAGCCAAAAAGTGGTAGTGGTTAATGCGGCATACCGTTTGGGCGCCATGGGCTTTGCG

GATTTTTCGGCGGTGGCGCCAGAGTTGGATGCCGATACCAATCTGGGCCTGCGCGATCAGTTGGCGGC

GCTACAATGGGTACAAGAGAATATTGCCGCTTTTGCTGGCGACGATAAGCAGGTGACGATCTTTGGTG

AGTCTGCTGGTGGTTTCAGCGTCTGCTCATTACTGGCCTGCCCGCAGGCTGATGAGTTATTCCAAGCG

GCCATTGTGCAGTCAGGGGGAGCGGATTTTGTGCTAGCCCCGGATCAGGTACGCAAGGTCACTAATGC

GTTTGTGGCAGCCTTGCCGGGCGACGGCAGCGCCGCCGAAAAGCTGCTCAGTGCGGATAACAAGGGCT

GGATTAAGGCCCAAAATGCGGCGGTGAAAGTGTTGGTGGATCGAGGCTTGCGTACCACCACACCTCAA

TTTGCCATGAACTTCTTGCCCATGGTGGATGGTGACGTGCTGCCGCAATTGCCGGTTGATGCCATCGC

TGCAGGCGCTGCTGCCAACAAGCGTGTAATGGCTGGCGTATGTCGTGATGAATTCAACTTCTTCCAGT

ACGCTGGCGTGCTGGCTGGCACAACCACCATGGACGCCCTGAGGGAAATCAGCGATGAGGAAATTGTG

AGCCGATTTGAGCGTGCGCTGCCCGGTAATGGCCGCCGTGCTTTTGATTATTACCAGACAGCGGTGGA

GCCGGATGCACGGCGCAGCCGCCTGGACTGGTTAGCGGCTATGGAATCCGATCGTCTGTTTCGGGTGC

CCACAGTGCGCCTACTTGATGCCCAGAGCCAGCATGCTCAGTGCTGGGGGTTTCAGTTTACCTGGCCC

AGCGAGCCCTTCGGTGTGCCACTGGGGGCCTGCCATGTGGTGGACGTGCCCTTTGTCTTCGGTGTGAC

AGATACCCCAGCGGGAATGTACTTCACCGGAGGTACGAGTGAAGCGCGGGCGCTGTCTCATCAGGTGC

AGGCAGCGTGGGGCACTTTTGCGCGGGGCGATGCGCCAGGCTGGAATGCTTGGCAATCGGACCGTCAG

GTGTGCCAGCTGGGCCCGGGTGAGACCATGGCTTCCTTGTTGGATGAAAGTGGCGAACAGCTCTGGCG

AGACATCATCCCGGTGGTTTGA 

 

>CE05 

GTGCAAATGGCGACTTATAAAGCCCCCCTCGAGGACATGCGTTTTGTTCTCAACGATGTGTTCAAAGC

GGATCAACTCTGGGCCTCCATGCCGGCCACCGCAGAGGTGACTCAGGATTTGTCCGATGCGATTCTGG

AAGAAGCGGGCAAAATGACCGAAGGCTTGCTGTTCCCGCTGAATCGTAACAGCGATGAGCAGGGCTGC

ACTTGGACCGATGGGGCGGTGACTACCCCGGATGGTTTCAAGGAAGCATTCAAGACCTTTGCCGAAAA

TGGTTGGAGCGCATTTTCCGGTAACCCGGAGTTTGGTGGCCAGGGTATGCCCAAGTCATTGGCGGTGC

TTTTTGAAGAAATGATGCACAGCGCTTGTTCTTCGTTTGCCTTGTATCCGGCACTAACCAGTGGTGCG

TGCCTAGCGGTGGATGCCCACGCTTGCGAAGAACTCAAGTCGCAGTACTTACCCAAGCTTTATAGCGG

TGAGTGGAGTGGCACCATGTGCCTGACTGAGCCGCATTCCGGGACAGACCTGGGTATTCTACGGACCA

AGGCTGTGCCTAACGATGATGGCTCGTTCAACATTACCGGCACCAAGATTTTTATCACCGGTGGTGAA

CATGACCTGACCGGCAACCATGTCCATCTGGTGCTGGCTAAGTTGCCGGATGCGCCAGCAGGCTCCAA

AGGGATCTCCCTGTTCCTGGTGCCCAAGTTTTTGCCTGACGCGGACAACAATCCGGGTGAGGCCAACG

GTGTCACCTGTGGTTCCATCGAACATAAGATGGGGATCAAGGGCTCTGCCACCTGTGTTATGAACTTC

GACGATGCCAAAGGCTGGATTATCGGTGAGCCGAACCAGGGGCTGGCGTGCATGTTCACTATGATGAA

CTACGAGCGACTGTCCATCGGGCTACAGGGCTTGGGGTTGGGTGAAGTTAGCTACCAGAGTGCTGTGG

AATATGCGCGAGAGCGCCTACAAGGTCGCAGCGCCACCGGTGCGAAAAACCCGCAAGGACCGGCGGAT

CCGATCATTGTGCACGGTGATGTGCGTCGCATGCTGATGAACATGCGCGCCATCAATGAAGGAGGCCG

TGCGCTGGCAGCCTATGTGGGCATGCAGCTGGATACGTCTAAGTTCAGCGAAGACGCGGAGGCCAAGA

AGAAAGCGGAGGATCGGGTGGCGCTGTTGACGCCGGTCGCTAAAGCTTTCTTTACCGATCGAGGCCTG

GACACCACCATTACCGGGCAGCAGGTATTTGGGGGCCACGGTTATATTCGTGAATGGGGTATGGAGCA

GTTTGTTCGCGATTGCCGTATTTCCCAGATCTACGAAGGCACTAACGGTATTCAAGCGTTGGACTTAG

CTGGCCGTAAAGTGGTCCGCAACGGTGGTAAATCCGTGGATGCTTTCCTGGCCGATGCCCAGGCCTGG

GTGGATGCTAATGCCGATAATGCGCAGCTAGCCGCAGTAAAAGACGACCTGCAAGCGGCTTTGCTATT

GCTGAAATCTTCCACCGATACACTGCTGGCCCAGGCCGGCAACAACCCGGATGCGATCAGCGCTGCTG

CGGTGGAGTACCTGGATATCTTTGGTTATGTGCTCTACGCATGGCTGTGGGCGCAGATGCTAGCGGCC

ACCGATGACCGTGATGATGACTTCGCTAAAGCCAAACGTATCACCGGGCAATACTACTTTCAGCGTGT

ACTGCCAAAGGCCCAATCACTGGCTGCCCAGCTGAATAGCGGTGCGGATGCCATGATGAGCCTGGACG

CGGAACAGTTCTGA 

 

>CE06 
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ATGCAGTCAGGTACGGTCGCGAGTAATGGCATCGAGCTTTTTTATGAGAGCCGTGGTCCGGAAAACGG

GGAGCCCATGGTCTTCGTCATGGGGCTGTCGGCGCAGATGGTGTTCTGGCCGGATACCTTGCTGGATG

CGTTGGCGGCAAAAGGCTATCGGGTGATCCGGTTTGATAACCGTGATGTGGGTAAATCCACCCAAATC

CGCAAGCCGATAAAGCAGGGGCCGGTGTCGGCGATCCTGCGCCGCATAATCGGTCTGCCGGTGGAGAG

CCCTTACACCTTGCACGATATGGTTGCCGATACGGTGGGCCTGCTAGATGCATTAAATATTGAGCGGG

CGCATTTTGTTGGTGCCTCCATGGGCGGGATGATCAGCCAGTTGATGGCGGGCACTCACCCGGAGCGG

GTGCTGTCCCTCACCTCAATCATGTCCAGTAATAACAGCTCATTACTGCCACCGCCGAAACCCTCGGC

GTTAAGAGTTTTAATTGCCCCGCGCGTGAAAGTGGAAACCGAAGAGCAGTTCGTTACCTTCGGCTTGG

AAATGATGAGTAAGCTGGCCGGTACCTTGCCCCAGGGTAAGGAGGAGCTGGCGGCCATGTATCGGGCT

GCCTGGGCGCGAGGCATTAACCCGAGAGGTATCCGCAACCAGTTTCTGGCGATCACGGCCACCGGTTC

TTTAAGCAAAACCTTGAAGCAGATCCAATGCCCGACCACGGTGATCCATGGCGGCGCTGACCCGTTAA

TTCGTCCTGCCGGTGGCAAGGCATCTGCCCGCGCTATTCGCGGTGCCAAGCTGGTTATTATTCCCGGC

ATGGGCCATGATTTTCCGCCATCGGTGATTGATCGCATCGGTGAGCTGATTGCGGAAACTGCCGGGCG

AGCCAATTCCGTAGTGCCGCCGGCGGTAGGGTGA 

 

>CE07 

ATGAGCCTTCAAGCCCGCCTCATCAAAGCCGTGACCAAGCGCACCATCAAACGCTCCGGTCTCAACCA

AGACCAACTAGTACGGCATCTGCGTAAGGTATTCAACGAAACCCCTGTTCTGACCCTATTACCCCGTG

GAGTAAAACTCAGTCGCGTGGAGCACCCCGCTTTTACCGGTGATCGAATCAGCGTGCAGCGTCCAGAA

ATGGCGGTGCTTTACCTGCATGGCGGCGCCTACATTGGCGGCATCACCAAGACCTACCACAACTTAGC

CGGGCGGTTGGCAAAAAAATTAAACGCTGAGGTATTTTTACCCGTCTATCCGTTTGCCCCAGAGCATC

CTTACCCGGCCGCAGTGAATCGAGTCATGGAGGCCTACGAATACCTATTAAGCCTAGGCAAGCAACCG

CAGGATATCGTTATTGCCGGCGATTCCGCCGGTGGTGGGCTCACCTTGGCCACGCTGCTGCATATCCG

CGACAAAGGCCTGGAACAACCCCGCTGCGCGGTGACATTTTCGCCCGCCAGCAACGCCTTTCCTGACG

ACAGTATCCTGGAGGCCCTAGACCCCAGCGATGCGATGCTGTCTGCAGACATCATTCGCACTGCTATC

GAGATCTATACCCCCAACCCAGAAGACCGCAGCCAGCCCTACGCCTCCCCCTGCCTAGGAGACTACAC

CAACATCTGCCCGCTACTGATCACCGCCAGCACCGACGAACTGCTTTATGCGGATGGCAAGCGAGTGA

AGCGCGTGGCGGAAAAGGCGGGCGTCAAGGTGACATGGATAGAGCGCCCCGGCGTATTCCATGTATGG

CCGGTCATGGTGCCCTTCCTGCCAGAGGCGAACAAAGACCTGAAACGGATTGTCGCATTCATTAAAGA

AGCATAG 

 

>CE08 

ATGAGCCGAGCAACATCAGGCTCCGCACTTACACCGGTATCGTCTTTTTCTCTGGTGGCAGATAGCGA

TCAGGCTTTTACGCTGCGTGTTACTTTGGCGCGTTTGGCCACTCGCACACTGGATATGCAGTATTACA

TCTGGGATGACGACACGACCGGAAAGCTGCTCATCTACCGAGTGTTGGAGGCAGCGCGGCGGGGCGTG

AGGGTGCGCATGTTGTTGGATCATGCCAATCAGCTGGGCCGGGATGTGAAGTGGGCGGTGCTGGATGC

GCACCCAAATATTGAGGTGCGCCTGTTCAATCCGTTCAAGGGGCGCTACAAGCATTTTCTGCAATGGC

TCTACTATGCTCCGCGATTAAATCACCGCATGCATAACAAAGCTTGGATTATGGACGGCGAACGAGCG

TTGGTGGGTGGGCGTAATGTTGCGGATCACTATTTCGGCGTAAATCCATCCACTAATTTCCGTGATCT

GGATCTGTATGCCCATGGCGCCATCGTGGCCGACACGCAAATGGCTTTTGATGCCTTTTGGGATAGCC

CGTTAGCGGTGTCTATGAAAAGTTACCGTCATCGCACGGAGGCGACAGCGGATCGGGCCTGGCGTTGG

TTGGGGCGCTGGCGCACTTCATTGCAAGGCTACCCTTACCTCTTTCCCCAGCATGAAGCATTTTTCAC

CGATTACTTGGCAAAACAAGAGCAGCAATGTGTGCAGGCTCCGGCAGCGTTGCTGTTTGATAGCCCTG

ATAAGGCCAGTGGTGCGAAGCAGACGTTGATGGGAGAGCAACTGGCGCGTTTGCTGGGCAGGCAAGAC

AATCGGGAGTTATTGATGGAGGCCAGTTATTTTATTCCCGGTGATGCTTTTGTTGAGGCGCTGGGAGG

GTTCCAGCAGCGCGGCGGACGCGCGGCGGTGCTGACTAACAGTTTGGCCACTAATGATGTGATTGCCG

CTCATGGTGCTTATGCGCGTTACCGTGCAGCACTGTTGGCTGCAGGGGTTGAGCTGCATGAATTACAG

CCCAATGCCCGGGCACTGCACCGGCAGGTGCGGTTGTTCAAAGGGCGCTCCCAGGCGAGCCTGCATAC

CAAAGCGATGGTGTTGGATCGACGCGAAGTGTTTGTCGGTTCTTTCAACATCGATCCGCGCTCGGTGC

ATTTGAATACCGAAATGGGATACTACGTAGTGTCCGCTGAACTGGGGCAGCAGGTGGCGGCATTTATT

GAAGAAGGGTTAGCGCCGGAAAACAGTTACCGTCTTGAAAAGCAGGAAGGCGAATTATTGTGGGGCGC

GGATGGATATGACGGTAAGCCGGTCTTGTATTCCCGTGAACCCAAGGCCACCGTTTGGCGACGCATGC

TGGCATGGTTATTGTCGTTATTGCCGATTGAGCGGATGTTGTAA 

 

>CE09 
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ATGAGCCTGTTTGTTGATCGCATCAGCCGTAGCCAGTCGACACTGCAACAAGTACTGGCAGGCACGCT

ACGCCAATCCCTGGCACTACTATTCAAACCCGTTGCCAATCCACGCTTCAGCTTTACTGCACAGCGGC

GCTGGCTAGACATTATGGCCCACAGTACCCTCAAAGCCCGAGGCATCGGCAGCCACGATAACGCGTTA

GCCAATGTACCTTGCCGCCACTACCAGCCGTTGCATGCACAAACTACCGTGCTCTATTTACATGGCGG

TGGTTACGTGGCTGGGAGTCCGGACAGCCACAAGTCCATTACCTCGCACCTAGCCAAATTCGCCAATG

CCCATGTGGTGGTGCCGGATTACCGGCTCGCTCCGGAACACCCCTGCCCTGCCGCCATCGAAGACGCC

GTCGCGGTCTACCTAGCTCTGCTAGAGAGCGGCGTAAGCCCCGGCTCTCTAACGTTGATGGGCGACTC

CGCTGGAGGCGGATTAGCACTGGCCACGCTGCAAGCGTTAAAAGCCAGCGGTAAGCCGCTACCCAGCA

GCGTTATTCTTTTTTCCCCCTGGGTTGACCTAACCTTGGGACAGCTTTACGACACCGACCGAGATATC

ATGCTAAGCCATAGCTGGCTAGCCAGCGCGGCTGACGCCTATGCGGGTAATGATACCCGCAATGTCCA

GTGCTCCCCGCTGTTCGGCGAACTAAGTGACTTGCCCCCCACGCTAATCCAAGCCGGCGGCGATGAAA

TTCTGCTTAATGATAGCCACCGTCTGTGCGCTGCTTTAAACGAAGCGGGCACCCCAACACGGCTACAG

ATTCACCCGCAACGCTGGCACGATTTTCAATTACACGCGGGTGTACTTGCAGACTCGGATCACGCTCT

GATGACCTGCGCACGCTTTATTCACCAACATGCCATCCATGACCATGAAGAGGACGCTCACGCATGA 

 

>CE10 

ATGGATCTGATCATTTTTCTGCTGTCGCTGCTAGTGATGAGCACGGTTACCCTGACACTGGCGTTTTA

TCTGTGCTGGTACTACGACCGATGCAGCTTTCCCGAGCAATCTGAGCTGCCCGGTGAACCCCCTTTAC

GGCTGTTGCCGACGCTACTTGGCATGGCCAAGGAGGCCGCCGCCCTGACAGTGCTAGTGCTTAGTTAT

CCGTTGCGCCTGATCCACGATTCTTCACCGGTACGTAGCCGCCATCACGGCGAGCCCCCGGTGATTCT

GGTCCACGGTTACGGCGGCAACAGTGCCAACTTTTTATTTATGCAGTGGCGCCTGAAATGGCGCGGCT

GGTCCAATGTGTATTCGGTGAGTTATACCCCGCCGCATATCAATGCCCGCAAACTATCCCAGCAGGTG

GTTGATCATGTAGAGCGTATCCTGGCGACCACAGGCGCGGAAAAAGCCCACTTGGTTTGCCACTCCAT

GGGCGGCCCGTTAACCCGCTATGCGCTCAAGAATTTAGGGCTGGCTGGCAAGGTAGACCGGGTGATTA

CCTTGGGTAGCCCGCATTATGGAACGCGAGTTGCCGGCCTGTTTCCGCCATTGGGGGCTGCCGCCCAA

CTGCGCTACCAGAGCCCTTTTATCCGAGAGCTGGCCACCGAGGCAACCTGCCCAGGGGGCGCGCGGTA

CTTCTCCATCTTCTCCAACATGGATAATTTTGTGCTGCCGGTGTCCGCGGCGGTATTGCACGGTGCGG

AAGACAATATCCATGTTCCTTATCTGGGGCACTGCTCGCTGCTCTACAGTAGCCGGGTTATGGATCAA

GTGGAGCGTTGTCTTTTGGCCCCGCCCAAGGCGGCGGAGTAA 

 

>CE11 

ATGCCGGTCCCCGAAACGTCTCTTATTTATATCCACGGTTTCAATAGCTCACCAGCATCCCATAAAGC

CGGGTTGTTGCGATCAGTGTTTGAGCAAGCGGGCTGCCCGGAACGGTTGGTCGTGCCCGCATTGCCGC

CTTCGCCAGTGCTAGCCATGGCGGAATTGGATGCAGCCATTGCTGGGGCTGGCCCGGTGGCCCTAGTG

GGATCGTCGTTGGGCGGCTTCTACGCCACCTGGCTGGCGGAGCACCATGGTTTGAAGGCTGCAATCGT

AAATCCTGCGGTAAGGCCGTGGCGACTACTGGACAAATACACAGGTATCCAGCATAACTACCATACTG

GCGAAGCCTATCAGTTCGATCCGGCTTGGCTGGAGCAGTTGCGCCGCTATGAGGTAGCAGAGCTCACC

CAGCCGGAAAATCTATTGTTGCTGACCCAGACGGGTGACGAAACCCTGGACTGGGAAGATGGCTGGGA

CTATTACGGCGACTGTCACCGTTATTGTGGCTTGGGTGGCAGTCACGGCTTTGATAACTTTGACGCCT

TCATTCCGCTGATGCTGCGGTTTTGTGGGATTGAAATACACGCCTGA 

 

>CE12 

ATGGAACCACTTGAACTTGAGGACCAATTTGTTACTACCGAAGCCGGCTACCAGCTGCACTACCAAAG

CGCGGGTACTGGCGAGCCGCTGATTTTCCTCCACGGTGGTGGCCCCGGAGCCACCAGCTTCGGCAACT

TCTACTACAACGCACCGGCGTTCCTGGAACAGTACCAGTGTTTCTTCTACAACATGCCCGGCTACGGC

CAATCCAGCAAGTTAGTGGTTGAGGCGCCGATGTACAGCTTCCACGCCAGCATGCTCGCTGAATTCAT

GGACCTGGTCGGCATCCCGCGAGCGCACCTGGTCTGTCAGTCCTTCGGCGGCTGTGCGGCCATCAAAC

TGGCGATCGACCACCCTGAGCGCGTCAATAAACTGGTATTGATGGGCGCCCAGCCGATGTTTGGCGGG

GTTATTGATCCATTGAAACTGATGAGCAAACACGCGGCCAACATTATCCTCGACTACTACGGGGGCGA

AGGTCCGACCCCAGAAAAGATGCGACGTTTACTGGCCGATTACGAGATGCACGATGACAGCAAGCTCA

CTGACTGGACGGTGAACGATCGCTTTGCCAACAGCACAGACCCGGAACTGCTTGAAGTCGCCCGCACT

CCCGGTTTCATGGGGCAACCCGAATCGCTGCTCGGTGACTTGCACCGCAATGTCGTCCCCACCCTTTG

CCTGTGGGGTCTGCACGACTGGTTTGGCGGCCCGGACGTGCCCCTGCTGTTTCTCAACCAGTTTGCAA

ACGCTCAATTGTTTATCGAAGGACAGGGCGCTCACCACTGGCAGACCGAACTACCCGAGCGCTTCAAT

CGCGTTGTGCTCAGCTACCTGAGTGAATAG 
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>CE13 

ATGCCTCAATCTTTTAAACAGTACAGGACAACAATAATGAGTACTGCTCGCCTGACGCCAACCACGGC

ATCAACACTCAAGCTGCTTTCCGTCGCCGTCGCGGCCCTCACGCTTTCCGCCTGCCTGTCAGGTGGCG

GCGGTGGCCGTGCCGACGGCCCCAACCCCCTGGCGATTGAAACCAGCGAGGGTAAAGTCGTCGGTATC

AGCAACGACGGCATCCGCGTCTTCCGCGGCATTCCCTACGCCGCACCGCCGGTTGGCGACCTGCGCCT

CGCCCCGCCGCAGCCACCCGCCAGCAGAAGTGAAACACTCAGACTGAGCGAAGAGTTCGGCAACAGCT

GCCCGCAGTCCGATCTGACCACTGGCCAGCAGGTAGGCAACGAGGACTGCCTGTACCTGAACGTTTAT

GCGCCCGCTGAAGCGGAGGATCTGCCGGTAATGGTCTGGATCCATGGTGGCGCCTTCGTGTTTGGTAA

CGGCGGCGGTGAGTACGACCCGACGCGCCTGGTCGAACAGGACGTTATCGTCGTGACACTCAATTACC

GCCTTGGCAATCTCGGTTTTCTGGCCCACCCTGCCCTGGAGTCCGATGCCGGCAACTTTGCCCTGATG

GACCAGCAGCTCGCGCTGGCCTGGGTCAAGGAAAACATCGCTGCCTTTGGCGGTGATCCGGCCAATGT

CACAATCTTCGGCGAGTCCGCCGGTGGCCATAGCGTGATGAGCCACATTGTCTCGCCCCGGGCTGAAG

AGGCAGATCTGTTCCAGCGCGCCATTGTCCAGAGCGGCTCCTACGCGCCCTTCCAGATGCCCAAGGCA

ACAGCGCAGTTCCTCGGCACATCGGTAGCCAATGGTCTCGGCTGCACCGACCCGGAGACCGCTGCAAG

CTGCCTGCGCTCCCTGCCGGTATCCGCGTTCCTGGCGGCCCAGGGCTCGCAGTCAATCCCGGTTGTGG

ATCCGGACGACGACCTGCTACCCAAGTCCATCCAGCAGGCACTGGCCGACGGCGACTTCAACAGCTCG

CTCGATATCATGATCGGCAGCAACCAGAACGAGGGCACCCTGTTCGTCGCGCTGGATGAAGTAGGAGG

CGATCCTATTGATGACGAGGCGGAATACCGTGAGCGCGTTGCCGAGTTCTTCCAGCCCTACCAGGCGA

GCATCCCCTTCGACGACGACCAGATCGCCACTGATTATCTGGACTTTGTTGACGGTGCGGCAAAACCC

TTCGAGGCAGCCCTGTCCGGAATCTGGACCGACTTCATGTTCGCCTGCAACGCCTACTCGCAGGCCAG

CACCTTTGCCGGCGCCAGCATGAATACCTTCCAGTACTGGTTCCGCGACGAGGACGCCCCCTGGACCC

TGGTGCCGCCATTTGCAGTGAGCTTCCCGCTGGGCGCCACCCACGCTGGGGAAATCCCCTACGTACTC

TACCCACAGGCCATCATGGAGCAGCGCTATACCGGCGATCCGGATGACCTGAACAGTCTGGCCGGCGA

GATGGTCGACTACTGGACTCAATTCGCCAAAACCGGCGATCCCAACACCACCGACGGGGTCGCAGCAG

CCTGGCAGCAGGCGGCAACCGGGAACCTGTTGACGCTGGACGTACCCAACGCAAGCAACGCAAATACG

CTTGGCTTCCTGGGCTATCACCACTGCAGCTACTGGGCTGACCCGCCGCTGGTATTGCCCTGA 

 

>CE14 

ATGGCAAACAGCAACTGCATCGCCGGCGTTGACCTGGAACGGCTCTCACGCATCGGCACTCACCTGCA

ATCGGCCTATATTGACGCAGGCAAGCTGCCCGGCGCTCTGACTCTGGTGGCGCGCCGTGGCCAGGTTG

TCTATTGCGAAGCACAAGGGCTGAGAGACGTGGAGCGCGGCCTGCCGGTCGAGCGCGATACGCTGTTC

CGCATCTACTCGATGACCAAGCCGGTCACCTCTGTTGCCCTGATGCAGCTGTACGAACAAGGTCGCTT

TCTGCTGGATGACCCGGTCCACAAGTACATCCCCAGCTGGAGCAACCTGCGCGTCTACAAGACCGGCA

GCCATCCGCAGATTCTGACCACCCCCTGCGAGCGCCCCATGACCATCCGTGACCTGCTGACCCACCAG

TCCGGTCTGACCTATGGCTTCATGAATCGCACCAACGTCGACGCCGCCTACCGGGCGCTCAAACTCGA

CGGCGGCCCCGGCCTGACCCTCGACCGTCTGATCGACGAACTGTCACGGCTGCCGCTTGAGTTCTCGC

CCGGCACGGCCTGGAACTACTCGGTGGCGACAGACGTCTGCGGTTATCTGGTGCAAGTACTGTCGGGC

ATGAGCCTGGACGACTACTTCAAGCGCCATATCTTCGACCCGCTGGAGATGAGCGACACCTTCTTCAC

CGTCCCGGCCGATCGCATCCCGCGCTTCGCCGCCTGCTATCAGTTCCAGCCCGGCGGCAGCTTCAGTC

TGCAGGATGACCCTCAGGATTCCAGCTTCACCAAGGCCCACGGCTTTCTCTCCGGCGGCGGCGGTCTG

GTCTCGACCATCGACGACTACTACCGCTTTGCCCAGGCACTGGCCAACGGTGGTGAACTGAACGGCGC

CCGCATCATCGGCCGCAAGACGCTTGAATTCATGCGCATGAACCACCTGCCCGGCAACCAGGATCTGC

CCGGTGTATCCGTCGGTTCCTTCAGTGAAACGCCCTACGAGGGCAGCGGATTCGGTCTCGGCTTTTCA

GTCAAGATCGACGTCGCCAAATCGCAGACCAACGGCTCCGTCGGCGAATACGGCTGGGGCGGCATGGC

CAGTACCAACTTCTTCGTTGATCCGGTTGAGGATCTGTTGATGGTGTTTATGACCCAGCTGATTCCGT

CGTCGAGTTATCCGGTAAGGCAGGAGTTGCGGGCGATCATCAATGGCGCGTTGGTGGATTGA 

 

>CE15 

ATGTCCAGGTACGTTGATGAGCTGTATCGCAATCCGGGGCAGCCCGGGTTGCGCGCCCTTCTGCGCGG

TATGCTGAAACTGCTGTTTCGCGGTTTGATCCGCCCGCCCGTACCCTTTGCCGTGCAGGCGCTGGTGC

TGCGTCTGCTGACCCTCGGCATGCCGCTGGCCAAAGGCGTGACCCGCAGCGCCGAGCAGATCGCCGGA

CGGTCCTGCATGTGGCACCGCCCGGCCGCTGGGGGCAACGGTCGCGTGCTGCTGTACCTGCATGGCGG

CGCCTTCGTCATCGGCTCCCCGCAGACCCATCGGGGCATCTGCTCGGCGCTGGCCAGCCGTGGCCAGT

TTGATGTCTGCGCACTCGATTACCGACTGGCGCCGGCGCACCCGGCACCAGCGGCCTGTGACGATGCG

GTCGCCGCCTACCAGGCGCTGCTGCAGCGAGGCTATACGCCCGCGCAGATCACCCTGGTCGGCGATTC

GGCGGGCGGCAACCTGGTACTGGTGACGGCGCAAAAGCTGGCCGCGCTCAAGCTGCCGCTGCCCGCCT
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CACTGGTCTGCTTTTCACCGGTCACCGACATGACCGCCGAGCAGCTGCACGCGCCTGCGGCAGGCGAT

CCACTGCTGCATCCGTCCTGGCTCGACAGCGCCCGCGACGCCTACTGCCCGGCCGGGCTGGACCGCGC

CGATCCGTTGGTGTCGCCGCTGTTCGGCCAGCTCAAGGGCTTGCCGCCATTGCTGCTGCAGGTCGGTG

AAGACGAGGTGCTGCTGAACGACAGCCTGCGGCTGGCCGAAGCCGCGCGCGCAGCCGACGTTGCCGTA

CGGCTGGAGCGCTACACGGACCTGTGGCATGTATTTCAGGCCCACACCGGGCTGCTGCACAGTGCTGA

TGCGGCGCTGCAGCGGGTGGTGGAGTTTGTGAACAGCGCTCAGGCCGACTCGGTAAGCTGA 

 

>CE16 

ATGCCATTTAACAAGAAAAGCGTTCTTGCCCTCTGTGGCGCTGGCGCGCTGCTGTTCTCGATGTCTGC

CCTGGCCAACAACCCGGCACCGACCGATCCGGGTGATTCGGGCGGTGGTTCCGCCTATCAGCGCGGTC

CGGATCCGTCCGTCAGCTTCCTCGAAGCCGATCGCGGTCAGTACAGCGTCCGTTCCAGCCGTGTCTCC

AGCCTGGTCAGCGGCTTTGGCGGCGGCACCATTTACTATCCGACAGGCACAACCGGCACTATGGGTGC

GGTCGTTGTAATTCCCGGCTTCGTTTCTGCCGAGTCTTCGATTGACTGGTGGGGCCCGAAACTGGCGT

CCTATGGTTTCGTGGTCATGACCATTGACACCAACACCGGCTTTGATCAGCCGCCGAGCCGTGCGCGT

CAGATCAACAACGCACTGGATTATCTGGTTAGCCAGAACAGCCGCAGCTCCAGCCCGGTTCGCGGCAT

GATCGACACCAATCGTCTGGGCGTCATTGGCTGGTCGATGGGCGGTGGCGGCACCCTGCGTGTTGCCA

GTGAAGGTCGTATCAAGGCAGCCATTCCGCTGGCGCCCTGGGATACAACCAGCTACTACGCCAGCCGC

TCGCAGGCACCGACTCTGATCTTTGCCTGTGAGTCGGATGTGATCGCGCCGGTCCTCCAGCATGCCTC

ACCGTTCTACAATTCCCTGCCTTCCAGCATCGACAAGGCCTTTGTGGAAATCAATGGTGGCAGCCACT

ACTGCGGTAATGGCGGCAGCATCTACAACGATGTGCTGAGCCGGTTCGGGGTGTCCTGGATGAAACTG

CATCTGGATGAAGACAGCCGCTACAAGCAGTTCCTCTGCGGACCGAACCACACTTCCGACTCTCAGAT

CTCCGATTATCGCGGCAACTGCCCGTACTAA 

 

>CE17 

ATGCCCATGCACACTCTGTTCAAACGCGGTCTGGCCGCACTCGCCCTCAGCACCCTGGTCAGCCTGCC

GGCCATGGCCAGCAACCCCGGCATCAGCAGCCCGGACACCATGATCCTTGGCGATTCGATCTTTGCCC

TGTCCGGTGATATTCACGAGAACCTGGAAGCCGATCTGGACGAGAACATCGACACCTACGCCCGCTCC

GGCTGCCAGCTGACCGGCGGTAACGTTCTCTGTTCACGGCTGTATTCGGTAGAAAACCAGTATGCCCG

GGCGGACAAGAGCGGCATTCGTACGGTGATCTTCAATGGCGGCGGTAATGACATTCAGCTCAACAGCT

GCCGTCCGTCGCTGAGCGCCTGCATGCCGCTGCTCAACGAGCTGGAAGATCGCATCGCCACCCTCGTG

CAAAAGATGCGCAATGACGGTATCGAAGAGATCATCTTCCTCGGCTACTACAACGCCGCGGGCAGCGC

CGAGAACCTGCAGGACATCAACAACTACAGCATGAACTACAAGGCTGCCGCCTACCCGGGCATGGGTG

TGAAGTTTATCGATGTGCGCGCCGACTTCGCCGGCCGCGAGTCGATTTACATCACCAGTGACGGCATT

CATCCGACCGCAGCCGGCTCGCGTGTGCTGTCCAACCGCATCCTGCAGGCCTTGGACTGA 

 

>CE18 

ATGAATAACCTTACGTTACTGCCCGGCTGGGCGCTGGCCGCCAGCAACCTGCTGCCGTTGCAGCAGGC

GTTGCACGAGCGGCTGCCCGACCTGACTGTGCAGCTGGCGGAGTTGCCGCCGCGGCTGCAGATGTCGA

CCCTCGAGCCGGACCTGACGGCGCTGGCCGAGGCCTTGCCGGCTGGCTGGCTGGCCGGCTGGTCGCTG

GGCGGCATGCTGGCAGTGCAGCTGCAGCGCCGCTTCCCGGAGCGCTTCTTTGGCGTCATCACCATCGC

CAGCAATGCCTGCTTTGCGGCGCGCAATGGCTGGCCTCATGCGATGCCGGTCGATACCTTCAAGGCCT

TCCTGGCTGATGCCCGCGAGCAACCCGAGCGCATTCTCAAGCGCTTTTCCCTGCTGGTAACGCAAGGT

GGCGAGAACGCCCGGGAACTGAGCAAGCAGTTGCAGTGGAGCGATGCCGATCCGCTGCAACGTCTCAA

CCAGCTGGCGCTGCTCGGCGTTATTGATAACCGCATCCCTCTGCAGCGTTGTGCGCAACCGGTACTGC

ACTGCCTCGGTGGTAACGACGCGCTGGTGCCTGCGGCCGTGGAATCGGACCTGCTGGCGCTCAATGGC

AATGCCCGGGTGAGGATGCTGCCGCAGGGCAGTCATGCCCTGCCGCTGGAAGCGCCTCTCTGGCTGGC

GGGTGAAATCGCCGAGTGGCTGGAAGCGCAATGA 

 

>CE19 

ATGGTGGTCAATCTCTTTCAGCGTGGCAGGGGCAAGGCGCTGCTGCAGTCGATGGAAAAGGCAGAAAG

CTATGAGCAATGGAGTGAGCTGGCTGCTGCCTGGGATCACGAGGAGGGACTGGACGACTGGAAGCAGG

ATGACGCGTGCGAGAGCTATGACTACCGTTCGATTCGTCAGCGCCTGGATGTTCTTCGCGATCTGCGT

TTTCGCAAGGATTACCACCAATTGCTGTTTGTGCTTAACGAGGGCGTTCATGGCAACCTCGGCGGCAT

GGGCAAGCCGTCGCTGTATAACAAGGCCCGGCTTGGGACCAAGAATCTCATTACCCGCTACATTGACG

AACTGTGCGGCGCGCTTAACGACTTGAACGAGGTGGATGACAAGATCATCTCGTTGGCTGAAAAGCAG

GATTTCTTCCTGCGTGCCAGCCACTGCAACGGGCGGACCGCGCTGATGCTGAGTGGCGGCGCCGTACT
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TGGCTTCTTCCACGCCGGTGTGCTCAAGGCGCTGTTCGATCAGGGGCTGCTGCCCGAAATCATCTCCG

GCAGCAGCGCCGGTTCTATCCTTGCCGCCACCGCCTGTACCCACGTTGATGAGGAGCTGCGCGAGCGG

CTGAGCCTCGACAACCTGCATCATGAAGTAGAACAGACCAGCGCGATTCGGCCTTCTCTCAGCCTGTT

TGGTGGCGGTCGGGCGATGGATGCCGACAACCTGCGTGACTACCTGGCCAAGATCATCCCGGATCTGA

CCTTTCAGGAAGCGTTTGAGCTGACCGGTCGCAAGCTCAATATCACTGTTACCGGGCTGTCGACCCAG

CAGGCCCCGCGTCTGCTTAACGCTATCACCTCGCCCAACGTGCTGATTCGCTCTGCGGTTACAGCCTC

ATGTGCGATCTACGGCATCTACCCGCCGGTAACGCTGATGTGCCGCAACGCAGCGGGCGAGACGGTAC

CCTACCTGCCGGGTATGAAATGGATCGACGGCTCCTTTGCCGATGATCTGCCGGCCAAGCGTCTGGCA

CGCCTGTACGGCGTCAATCACTTCATCTCCAGCATGACCAACCCGGCGGCGCTTGCCATCACGCCCGA

CCCGGATGCGCCGCGCAACCGGTTGCGCAATCTGGCTCATTTTCAGGCGCGCTTCCTGAAAATCGGTG

CCGCCGAAGCGATGCGCTTCAGCCGCGATAACGTCCGAATCAAGTCGCCGGTGCTCAGTCTGATGCAA

CATCTGACCTACGGCGTGCTGGCACAGGAATATACGGCAGATATCAATATCTTCCTGCGCAACCGCTG

GGATCACCCGCTGCGGCTGCTGGCACCGCCAAGCCGCGAAGCGATGCACCGCCTGATCCATGAAGGCG

AGCGCTCCACCTGGGAGAAGATCGAAATGGTCCGCAACTGCACCGCCGTCAGCCGGACGCTGGATGCC

ATCCTGCACACACGCGGTTGGGAAAAATAG 

 

>CE20 

ATGTCACCGCACATCATCGAACCCGCCACGCCCGCCACCCGCAGCGTCATCTGGCTGCACGGTCTGGG

CGCCGACTGCTACGATTTCGTGCCGGTAGTCGAGGCCCTGCAACTGCCCGCCGATCATGCCATCCGCT

TCATTTTTCCACAGGCACCGACCCGGCCGGTCACCATCAACGGCGGGTTCCCGATGCCCTGCTGGTAC

GACATCCTCGGCATGTCGCCAGCCCGGGCAATCAACCAGAGTCATCTGGATGAGGCCGTTGCCCTGGT

ACGTCAGCTGATCGACGAACAATGCGCCCAGGGCATTGCGCTGGAAAACATCATTCTCGCCGGGTTCT

CCCAGGGCGGCGCGGTTGTGCTCTGCACCGCTGTCAGCAGCGAGCTGCCGCTTGGCGGTGTGATGGCG

CTATCCACCTACGGGCCGGGACTGGACCTGCTGCTCGAGCAACACCCGGCCCGCCAACCGCTGGAGCT

GTTCTGCGCACACGGCCGTTTTGATGACGTGCTGCCATTGGCGATGGGCCGCGAAGCCCATGACCTGA

TGCAGGCCGCCGGCCACCAGACCCGCTGGTACGAATACCCGATGGCGCACGAGGTCTGCATGGACGAA

ATCGCCGACATCCGTCGCTGGTTGGTCGAACGCCTCGGACTTTGA 

 

>CE21 

ATGATCGGATTACGGATACGTACCCTGTTGGGCGGGATGTTGCTCGCCGGCGGCCTCGTCTCTGGCAG

TTGGGCTGACAGCGCGCCCGAGGCGTTCTCGCAGCAGCGTCTGGATGCCTTTGGTGCGACGATGGCCG

AGGAAGTCCAGCAGGGGCGAATCGCGGGCATTGCAACGCTGGTTTACCAAAACGGTGAGGTGGTACAG

CGTGGCCAATACGGGTTTGCGGATCGCGAGCAGGGCAAACCACTGACGCCCGACAGCCTCTACAAGAT

TTTCTCGCTGACCAAGCTGGTGACGGGCACTGCGCTGCTGACGCTTTACGACGAGGGTCGTTTCGAGC

TGGATGATCCGGTCGGTAAATACATTCCCGAGCTGCAAGATCTTCAGGTTGCCATCGCCGATGGCCCG

GACGGTATGCCCGAGACGGAGCCGTCAGCGCACCCGGTGACCATTCGTGAGCTGATGACCCATACCGG

CGGCTTCACCTATGGTCGCTTCGGCAATACCCAGGTCGATCAGCTGTATGTCAAGGCGGATATTCAGA

ACCCTGATTCCACCTTCGCCGACATGATGGCCAAGCTGCAGCACATTCCGCTGCTCTATCAGCCGGGC

ACCGTATGGAACTACAGCATCTCGGTTGATATCCAGGCCTATCTGGTTGAGGTGCTGTCGGGCAAATC

GTTTGATGTCTATCTGCAGGAGCACCTGTTCGATCCGCTGAAGATGGTCGATACCGACTTCTATGCGC

CGGCAGGCAAGGCCGAGCGACTGGCGCTGTCCTACAAGCCACAGGAAGACGGTTCGCTGGCGCCGTTG

CCCAATACACCATTTCTCAGCAAGCCGCGGTTTCTCAATGGCGGTGGCGGGCTGATCTCGTCAATGGA

CGACTATCTGCGGTTTGCGCGCATGTTGCTGGCTGGCGGCGAGCTGGACGGGGTGCGGATTCTCAAGC

CAGAAACGGTCGAGTTGATGCGTCAGAACCAGCTGCCGGAGGGCGTGGAGAATATCGGCCCGTTCTTT

CCCGGTAACCAGTTTGGCCTGAACGTGGCGGTGGTCAACGACTCGCCCGCTGCGGGTTATTTGCCCGA

AGGCACTTATTGGTGGTGGGGAATTCAAGGAGCCTGGTGCTGGATTGATCCGGCCAATCAGGCGATTG

TGATCGGCATGATGCAGAATACCGACTATCGTCTGTCACGGATGATTCACGGCAAGGCGAGTCGTGCG

CTGTATGGGCCGGCTGCGGGGCAGTGA 

 

>CE22 

ATGACAAGGCTGAAAAAGACGGCGTTGCTGACCATGGTGATCAGCAGCCTGACGCTGACAGGTTGTCT

GAGTGGGGGTGGCGGTGGATCGTCATCCAACGATCAGGCCGACAATCGGGTCCGGTTGCAGGACCAAC

GTGTGGAGGAAGGCTTTTTTAACGTGAATGAAGCCGGCTTGCCATTCGATGCCTTGCCGGAATACAGC

GACTCAAGCCGCTGGACAGGCGTACTGAACGGTGCAGGCTACCGAATTGAAGTGCCGGCAAACTGGAA

CGGTATGCTGGTGATGTACACCCACGGTTTCCGCATCAACAACATCGACCAGTTGACAGTCGACACTC

CGCCCATGCGCCGTTATTTGCTCGAAGAGGGCTACGCTTGGGCAGCCTCCAGTTACAGCGCCAACTTC
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TACGATGTGCGTGCAGGTCTGGAAGATACCAACGCTTTGGCCCTGGCGTTCACTGATATTGCCGCCGA

AAACGGCCGCACACTGGATACGCCGGATAAATACTACATTACCGGTGTTTCCATGGGTGGTCACATTG

CTGCGGCGGCGGTAGAGCGGGAGACGCTGGCGACAGCCAATAATGTCGTCAATTACTCCGGTTCCGCA

CCGATGTGCGGCGTCGTCGGAGATACCGAGCTCTTCAATTTCTTTGCAGGCTACACCATCGCGCTTGC

AACACTATCCGGTAACCCTATTGATGAATTCCCTTTGACCCAAGAAGAAGCTGCAACGATCGTAGCCA

ACGCCCGCACTGTGCTCTGGAACGACTACACCACGAACAAGTTTCCGAGTGGCCTGACACAGCAAGGG

TTGGCGTTCTATCAGACGCTGAAGAACCTCAGTGGCGGTGAGCGACCGATGTATCCAATCAGCTTTGG

CCTGTTCCAGGACCTGCTGCAGGGCTTTGCCGGATCAGACGGCACTGTCGACGGCATTTTGCTGGATA

ACGTGGTCGACACCAACGCCATTACCTATCGCTTTGAAAGCGAGTTGGGCGAGCCCTTAACCACAGAC

GAAATCAATTTCAACAGCATGATCGTCAAGGCCACAGCAACAGAGGGTGCCAACGATCTGCGCGATGA

CGGCCTGCGCTGGATTCCGAAGGTCAATGGCGAGTTTGATGTACCCGTTGTCACCGCACATACCATTG

GTGATCTGTTTGTGCCGATTCTGATGGAACAGGAATACGCGCGGCGCGCAGCAGAAAATGGCAGTGAC

GACCTGCTGGTACAGCGCGCTATACGGGCTCCCGGCCACTGCGACTTTACCGAAGCAGAGTTCACTGC

CACCCTGGCGGCCATGCTTGACTGGGAGCAAGGCGGGCCGAAACCAGGCGGCGATGACTGGCTGACGC

CCGCCACCGTGGCGGCAGAAGACTTTGGCTGCACTTACACTATTGACGGACCGGTCGCAGAAGGGAAC

TATCCGCGCGCGGGCCTGCCATCCTGCACACCTGACTGA 

 

>CE23 

ATGGAGACGACGCCTGTGCAGACATTGCTTTCGAATTTTCCCCCCGTGCGGCTGGCACTGGCAGCTGT

GGTGACGACGTCCCTTTCCCTGACCGGCTGCCTGTCCGGTGGCGGTGGCTCATCATCTGATGGTGCCG

CAACGGTGGAAGAGCCAACCGATTTGCGCACCACCCTCTCTGGTGATGTGCGCGGGGTTGAGCAAGAG

GGCTATTTCGAGTTCTTGGGAATTCCGTACGCTGCAGCACCGGTCGGGGATTTGCGCTTCGCTGCGCC

ACAGGCAGCAGCTGGCTGGGACGAGGAGCGCGCTGCAGATGCCTACGGCAGTGCCTGTCCCCAGGCGG

GGCAGACCTTCGACGAGGCCGAGGACTGTCTGTACCTGAACGTGTTTACCCCCAAAAACCGGGGCCCG

CATCCGGTGATGGTGTGGTTCCATGGTGGCGCCTTTGTGTTTGGTTCAGGTGGTGGCACCTATGTACC

CCCGCGGCTGGTTGCGGAGGATATTGTTGTCGTGACGGTAAATTACCGCCTGGGCAAGCTGGGCTTTA

CCGCTCATCCGGGTTTGACTGAGGAGCAGGGCGCGTCCGGTAGTTACGGCATTCTGGATCAGCAGATG

GCGCTTCAGTGGGTGCAGGATAATATCGAAGCCTTTGCTGGTGACCCTGCCAATGTCACCATTTTTGG

TGAGTCGGCTGGCGGCTTGAGCGTTCTTAGCCATCTGGTGTCACCTGCCTCTGCCGGGCTGTTTGCCA

AGGCGATTGTGCAGAGTGGCTCCTACAGCAGGGTGCAGGCGTCAATGGCGGTGGCCGAAAGTGCCGGA

GAGGGCTTCGCTACCCTTCTTGGCTGTGATGCAGCGACAGCTGCGCAAGAGGTTGAGTGCATGCGCAG

CAAAAGTGTTGCGCAGATTATGGCTATCGCACCCGGGACGGTGACACCGACATTGCGGCCTGATGTAT

TGCCCGCCTCGGTCAATCAAGGCCTGGCAGCAGGCGAATTTAATGATGTGCCGTTGCTGATGGGAACC

AACTCGGATGAATGGAGTTATTTTCTGGCCAGCCGCGGGGAGTTGAATCCGATCACTCAGGCGAATTA

CCAGTTTCTGCTCAACAATAGCGTTGGACCGGTGGAAACGCCGAATGTTGTCGCGCTCTATCCGGCGT

CTGACTTCAGCGATGATTACGCGGCGTTGATGACTGCGGTGGGCACTGATGGCAATTTTGCCTGTAAT

GCCAGCGTGCAGGCAGCCAGCGTTGCGGAGAACGGCAGCCAGCCGCTATTCGTCTACGAGTTTGCCGA

TCGCGACGCGCCGTCGCCAGGTATTGTCGCTCCGAGTTGGCTGACGCTGGGGGCAACGCACGCCTCTG

AGCTGGCCTACATCTTCGGTACCGACGACTCGTTCCGAGTGCGCGGCGCAACCGACGATCAGGTCGCT

CTGGCCGATATCATGAGCCGTGCCTGGACGGCCTTCGCCCGGTCCGGTAATCCAAGCCATGACGACCT

GACCTGGGTAGATTACGGTGATAGTGCCGGTGGCATGGTCTCGTTCGAGACACCTGAGGTACAGCCTC

TTTCCCGTTCGGTGTTTCGCAGCGTGCATCGCTGTGACTACTGGACTCCTGAGGTCTGA 

 

>CE24 

ATGCAACTGCTGATAGGTCTGATCGGCCTGTTCGTTCTGATCGCGTTCAGCCTGCGTCGCTGGCTGCT

GCGCCGCGAGTCACCGCAGGTGCAGGCAGTCGATTTCGACGGTGAACTGTATCGAATCGGACAGGCCT

GCGTGGCCCGCCGCGGCCCGCAGGATGCCGAACAGACCGTTCTGGTGATGCCCGGGTTTGTGGAGAAT

TTTCTCTACTTCACCGAGCACTATGAGAATCCATCCCTGCAATTGATCCTGCTCACCAGTGCCGACTA

CCATGTGCCGGTCAACCGGCCCCGCTTCAGCGAGGCCGACTGGATCAGCCAGCCGAAGGCCCGCGCCG

GCACCATTGCCTACGACGCAGAGGTACTCAACCAGGCCCTGCAGCACCTGGCGACCGGCAAACAGATA

CGCGTGCATGGCCACTCACGCGGCGGCGCTGTAGTACTGGAGTCGGCGCGCCAGCGCCCCGACCTGTT

CACGCGGGTTGAGGTCATACTGGAGGCGCCGGTACTGCCCCAGGGCAAGCCCTATCGCGATGTACCGC

GATTCTTCCGCTGGTTTCTGCCCTTCTATCTGTTTGCCTGGCAACAGCAGCCCATCTCGGCCGCCAAC

CGCAGCCTGTTCGGCCCACTCGACGATCCGCGCAAGCGCGAGCTGATCATGGCGCTGCCATTCAACCC

GAAACGCGGCAGCACCTTCGTCCACAACATTCTGGATCTGGCCAGCTGGATGCCGACCAATACCCCGG

ACATCTATCAGCACGTCTGCCGCGGGGCGATTCTGGTTCCCAGCGCGGATCGTATTCTGGAGCCCCGT
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GCGATGCTGCACAGCGCCCGCCAGGCAGAACGCCTGCAAATCATCGAAATCGAGGGCTGCAGCCACCT

GATCACCGCCGATCGCCCGGACTGCATTCCCCCGCTGACGACCTTGACCCCATGA 

 

>CE25 

ATGAATGCACAGATGTTCAAACTGGCCACACTCGCGCTCGGCTTGTCGCTTTCCAGCATCGCGCTGGC

CACCAACCCCGGTGGTGGTGGCGGCACCGGCAACCCGGCTACCGGGACCGGTTTCCCCGGCGTGAGCA

GCTTCAGTGCCGATGGCCCATTCGCGACGACCAGCGGCAGCGCGGGCAGCAGCTGCACGGTGTTTCGC

CCGTCCTCCCTCGGCGAGAACAACCGCAAACACCCGATCATCGTCTGGGGCAACGGCACCACTGCCTC

GCCCAGCACCTACGCAGCCCTGCTTGAGCACTGGGCCTCGCACGGTTTCGTCGTGATCGCAGCCAATA

CCTCCAACGCCGGCACCGGCCAGGAAATGCTGGGTTGCGTCGACTACCTGACCACCCAGAACAACCGC

AGCAGCGGCACCTATGCGAACAAGCTGGACCTCAACCGCATTGGCGCGGCCGGGCACTCCCAAGGCGG

TGGCGGCACCATCATGGCGGGGCAGGACTACCGCATCAAAGTCACTGCGCCGTTCCAGCCGTACACTA

TTGGTCTGGGCCACAACAGCAGCTCGCAATCCAATCAGAATGGTCCCATGTTCCTGATGACCGGCAGC

GCCGACACCATCGCCAGCCCGACCCTGAACGCCTTGCCAGTCTACAACCGCGCTAACGTGCCGGTATT

CTGGGGTGAACTGTCCAGAGCCAGCCATTTCGAGCCGGTCGGCAATGCGGGCGACTACCGTGGCCCCT

CAACCGCCTGGTTCCGCTACCATCTGATGGACGACGCCAGCGCCGAAGACACGTTCTACGGCAGCAAT

TGTGACCTGTGCAGCGACCGCGACTGGGATGTACGTCGCAAGGGCATCAACTGA 

 

 

 

5.3 Protein sequences of CE01 to CE25 in FASTA file format 

>CE01 

MQKERKNQYPIVLVHGFAGWGRDEMLGVKYWGGMHDIQEDLKQYGYETHTAVVGPFSSNWDRACELYA

QLVGGTVDYGAAHAEKYGHDRFGRTYPGLLKNWDGEHKIHLIGHSMGGQTVRVLTQLLKEGSQEEREY

AKKHGVQLSPLFEGGKSWVHSVTTIATPNDGTTLADVVTQLIPAAQQIMGLAAAVSGNTNVPVYDFKL

DQWGLKRKAGESFVHYADRVWNSGIWTNTKDISAWDLKPEGAKELNNWVKAQPDVYYFSYSGEATFRS

LITGHHLPDLTMNKLITPFGIFLGCYGSDEKWWQNDGIVNTISMNGPKLGSTDEIVPYDGTPKIGKWN

DMGIQENWDHADYIGLSLSYVLGIEKIEDFYRGVADMLGSLSVR 

>CE02 

MNPAVIERATVRALMSLPGPVLERLAAGLETHSRPHLDSRLRFLLALSGAKPTLDSGTVEQARQIYRS

TLALLDMAPVSLPVVVDHQVSMEDGSQILVRRYRPADAPLVSPAIMFFHGGGFTIGGVEEYDRLCRYI

AKRTNAVVLSVDYRLAPEHPAPAGMDDALEAWRWLLNNTAQLGLDPNRLAVMGDSAGGCMSAVVSQQA

KLAGLALPALQVLIYPTTDAALAHPSVQTLGQGFGLDIPLLTWFRGHFVQDPAVIEDYRVSPLRNPDL

TGLPEAIVITATDPLRDEGLEYAQKLREAGNTVTSLDYPELIHGFISMGGVVPAARKAINDICVETKR

RL 

>CE03 

MASIPAHLMKLLLRAGVKRDIRDPDKLVKHLRRAMNAPLAPSPLPRGIRLQRGKVAGTAGHWLSPTDP

QTTILYLHGGAFIGGRLATYHNFCGHLARTLNARVFLPDYRLAPEHPFPAATDDAFNVYRELMADPRP

IVIAGDSAGGNLTLVTLLRARDHKLRMPACAVAISPASDARGNLMSRQANSDSDAMLSHCMIEVATDV

YLAGADPAHPYASPITQDFTGLPPLLFTVSSEECLRDDAYAAAHCARQAGVPVQLLERKDMPHVWPVF

TFLLPEAKQDLPTIVRFLRKYLATTDAHEEAFHTANESDTTIPEISSE 

>CE04 

MTAIIRQGRYQGLSSKGVTEYRGIPFAKAPLGEWRFKAPQPLPDSEDCVNADRYPLASLQPRNPIMGI

QESGEDCLYLNIWAPEGEGPFPVMVWFHGGGYMAGSTSQALYNGAELARSQKVVVVNAAYRLGAMGFA

DFSAVAPELDADTNLGLRDQLAALQWVQENIAAFAGDDKQVTIFGESAGGFSVCSLLACPQADELFQA

AIVQSGGADFVLAPDQVRKVTNAFVAALPGDGSAAEKLLSADNKGWIKAQNAAVKVLVDRGLRTTTPQ

FAMNFLPMVDGDVLPQLPVDAIAAGAAANKRVMAGVCRDEFNFFQYAGVLAGTTTMDALREISDEEIV

SRFERALPGNGRRAFDYYQTAVEPDARRSRLDWLAAMESDRLFRVPTVRLLDAQSQHAQCWGFQFTWP

SEPFGVPLGACHVVDVPFVFGVTDTPAGMYFTGGTSEARALSHQVQAAWGTFARGDAPGWNAWQSDRQ

VCQLGPGETMASLLDESGEQLWRDIIPVV 

>CE05 

MATYKAPLEDMRFVLNDVFKADQLWASMPATAEVTQDLSDAILEEAGKMTEGLLFPLNRNSDEQGCTW

TDGAVTTPDGFKEAFKTFAENGWSAFSGNPEFGGQGMPKSLAVLFEEMMHSACSSFALYPALTSGACL

AVDAHACEELKSQYLPKLYSGEWSGTMCLTEPHSGTDLGILRTKAVPNDDGSFNITGTKIFITGGEHD

LTGNHVHLVLAKLPDAPAGSKGISLFLVPKFLPDADNNPGEANGVTCGSIEHKMGIKGSATCVMNFDD
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AKGWIIGEPNQGLACMFTMMNYERLSIGLQGLGLGEVSYQSAVEYARERLQGRSATGAKNPQGPADPI

IVHGDVRRMLMNMRAINEGGRALAAYVGMQLDTSKFSEDAEAKKKAEDRVALLTPVAKAFFTDRGLDT

TITGQQVFGGHGYIREWGMEQFVRDCRISQIYEGTNGIQALDLAGRKVVRNGGKSVDAFLADAQAWVD

ANADNAQLAAVKDDLQAALLLLKSSTDTLLAQAGNNPDAISAAAVEYLDIFGYVLYAWLWAQMLAATD

DRDDDFAKAKRITGQYYFQRVLPKAQSLAAQLNSGADAMMSLDAEQF 

>CE06 

MQSGTVASNGIELFYESRGPENGEPMVFVMGLSAQMVFWPDTLLDALAAKGYRVIRFDNRDVGKSTQI

RKPIKQGPVSAILRRIIGLPVESPYTLHDMVADTVGLLDALNIERAHFVGASMGGMISQLMAGTHPER

VLSLTSIMSSNNSSLLPPPKPSALRVLIAPRVKVETEEQFVTFGLEMMSKLAGTLPQGKEELAAMYRA

AWARGINPRGIRNQFLAITATGSLSKTLKQIQCPTTVIHGGADPLIRPAGGKASARAIRGAKLVIIPG

MGHDFPPSVIDRIGELIAETAGRANSVVPPAVG 

>CE07 

MSLQARLIKAVTKRTIKRSGLNQDQLVRHLRKVFNETPVLTLLPRGVKLSRVEHPAFTGDRISVQRPE

MAVLYLHGGAYIGGITKTYHNLAGRLAKKLNAEVFLPVYPFAPEHPYPAAVNRVMEAYEYLLSLGKQP

QDIVIAGDSAGGGLTLATLLHIRDKGLEQPRCAVTFSPASNAFPDDSILEALDPSDAMLSADIIRTAI

EIYTPNPEDRSQPYASPCLGDYTNICPLLITASTDELLYADGKRVKRVAEKAGVKVTWIERPGVFHVW

PVMVPFLPEANKDLKRIVAFIKEA 

>CE08 

MSRATSGSALTPVSSFSLVADSDQAFTLRVTLARLATRTLDMQYYIWDDDTTGKLLIYRVLEAARRGV

RVRMLLDHANQLGRDVKWAVLDAHPNIEVRLFNPFKGRYKHFLQWLYYAPRLNHRMHNKAWIMDGERA

LVGGRNVADHYFGVNPSTNFRDLDLYAHGAIVADTQMAFDAFWDSPLAVSMKSYRHRTEATADRAWRW

LGRWRTSLQGYPYLFPQHEAFFTDYLAKQEQQCVQAPAALLFDSPDKASGAKQTLMGEQLARLLGRQD

NRELLMEASYFIPGDAFVEALGGFQQRGGRAAVLTNSLATNDVIAAHGAYARYRAALLAAGVELHELQ

PNARALHRQVRLFKGRSQASLHTKAMVLDRREVFVGSFNIDPRSVHLNTEMGYYVVSAELGQQVAAFI

EEGLAPENSYRLEKQEGELLWGADGYDGKPVLYSREPKATVWRRMLAWLLSLLPIERML 

>CE09 

MSLFVDRISRSQSTLQQVLAGTLRQSLALLFKPVANPRFSFTAQRRWLDIMAHSTLKARGIGSHDNAL

ANVPCRHYQPLHAQTTVLYLHGGGYVAGSPDSHKSITSHLAKFANAHVVVPDYRLAPEHPCPAAIEDA

VAVYLALLESGVSPGSLTLMGDSAGGGLALATLQALKASGKPLPSSVILFSPWVDLTLGQLYDTDRDI

MLSHSWLASAADAYAGNDTRNVQCSPLFGELSDLPPTLIQAGGDEILLNDSHRLCAALNEAGTPTRLQ

IHPQRWHDFQLHAGVLADSDHALMTCARFIHQHAIHDHEEDAHA 

>CE10 

MDLIIFLLSLLVMSTVTLTLAFYLCWYYDRCSFPEQSELPGEPPLRLLPTLLGMAKEAAALTVLVLSY

PLRLIHDSSPVRSRHHGEPPVILVHGYGGNSANFLFMQWRLKWRGWSNVYSVSYTPPHINARKLSQQV

VDHVERILATTGAEKAHLVCHSMGGPLTRYALKNLGLAGKVDRVITLGSPHYGTRVAGLFPPLGAAAQ

LRYQSPFIRELATEATCPGGARYFSIFSNMDNFVLPVSAAVLHGAEDNIHVPYLGHCSLLYSSRVMDQ

VERCLLAPPKAAE 

>CE11 

MPVPETSLIYIHGFNSSPASHKAGLLRSVFEQAGCPERLVVPALPPSPVLAMAELDAAIAGAGPVALV

GSSLGGFYATWLAEHHGLKAAIVNPAVRPWRLLDKYTGIQHNYHTGEAYQFDPAWLEQLRRYEVAELT

QPENLLLLTQTGDETLDWEDGWDYYGDCHRYCGLGGSHGFDNFDAFIPLMLRFCGIEIHA 

>CE12 

MEPLELEDQFVTTEAGYQLHYQSAGTGEPLIFLHGGGPGATSFGNFYYNAPAFLEQYQCFFYNMPGYG

QSSKLVVEAPMYSFHASMLAEFMDLVGIPRAHLVCQSFGGCAAIKLAIDHPERVNKLVLMGAQPMFGG

VIDPLKLMSKHAANIILDYYGGEGPTPEKMRRLLADYEMHDDSKLTDWTVNDRFANSTDPELLEVART

PGFMGQPESLLGDLHRNVVPTLCLWGLHDWFGGPDVPLLFLNQFANAQLFIEGQGAHHWQTELPERFN

RVVLSYLSE 

>CE13 

MSTARLTPTTASTLKLLSVAVAALTLSACLSGGGGGRADGPNPLAIETSEGKVVGISNDGIRVFRGIP

YAAPPVGDLRLAPPQPPASRSETLRLSEEFGNSCPQSDLTTGQQVGNEDCLYLNVYAPAEAEDLPVMV

WIHGGAFVFGNGGGEYDPTRLVEQDVIVVTLNYRLGNLGFLAHPALESDAGNFALMDQQLALAWVKEN

IAAFGGDPANVTIFGESAGGHSVMSHIVSPRAEEADLFQRAIVQSGSYAPFQMPKATAQFLGTSVANG

LGCTDPETAASCLRSLPVSAFLAAQGSQSIPVVDPDDDLLPKSIQQALADGDFNSSLDIMIGSNQNEG

TLFVALDEVGGDPIDDEAEYRERVAEFFQPYQASIPFDDDQIATDYLDFVDGAAKPFEAALSGIWTDF

MFACNAYSQASTFAGASMNTFQYWFRDEDAPWTLVPPFAVSFPLGATHAGEIPYVLYPQAIMEQRYTG
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DPDDLNSLAGEMVDYWTQFAKTGDPNTTDGVAAAWQQAATGNLLTLDVPNASNANTLGFLGYHHCSYW

ADPPLVLP 

>CE14 

MANSNCIAGVDLERLSRIGTHLQSAYIDAGKLPGALTLVARRGQVVYCEAQGLRDVERGLPVERDTLF

RIYSMTKPVTSVALMQLYEQGRFLLDDPVHKYIPSWSNLRVYKTGSHPQILTTPCERPMTIRDLLTHQ

SGLTYGFMNRTNVDAAYRALKLDGGPGLTLDRLIDELSRLPLEFSPGTAWNYSVATDVCGYLVQVLSG

MSLDDYFKRHIFDPLEMSDTFFTVPADRIPRFAACYQFQPGGSFSLQDDPQDSSFTKAHGFLSGGGGL

VSTIDDYYRFAQALANGGELNGARIIGRKTLEFMRMNHLPGNQDLPGVSVGSFSETPYEGSGFGLGFS

VKIDVAKSQTNGSVGEYGWGGMASTNFFVDPVEDLLMVFMTQLIPSSSYPVRQELRAIINGALVDE 

>CE15 

MSRYVDELYRNPGQPGLRALLRGMLKLLFRGLIRPPVPFAVQALVLRLLTLGMPLAKGVTRSAEQIAG

RSCMWHRPAAGGNGRVLLYLHGGAFVIGSPQTHRGICSALASRGQFDVCALDYRLAPAHPAPAACDDA

VAAYQALLQRGYTPAQITLVGDSAGGNLVLVTAQKLAALKLPLPASLVCFSPVTDMTAEQLHAPAAGD

PLLHPSWLDSARDAYCPAGLDRADPLVSPLFGQLKGLPPLLLQVGEDEVLLNDSLRLAEAARAADVAV

RLERYTDLWHVFQAHTGLLHSADAALQRVVEFVNSAQADSVS 

>CE16 

MPFNKKSVLALCGAGALLFSMSALANNPAPTDPGDSGGGSAYQRGPDPSVSFLEADRGQYSVRSSRVS

SLVSGFGGGTIYYPTGTTGTMGAVVVIPGFVSAESSIDWWGPKLASYGFVVMTIDTNTGFDQPPSRAR

QINNALDYLVSQNSRSSSPVRGMIDTNRLGVIGWSMGGGGTLRVASEGRIKAAIPLAPWDTTSYYASR

SQAPTLIFACESDVIAPVLQHASPFYNSLPSSIDKAFVEINGGSHYCGNGGSIYNDVLSRFGVSWMKL

HLDEDSRYKQFLCGPNHTSDSQISDYRGNCPYLE 

>CE17 

MHTLFKRGLAALALSTLVSLPAMASNPGISSPDTMILGDSIFALSGDIHENLEADLDENIDTYARSGC

QLTGGNVLCSRLYSVENQYARADKSGIRTVIFNGGGNDIQLNSCRPSLSACMPLLNELEDRIATLVQK

MRNDGIEEIIFLGYYNAAGSAENLQDINNYSMNYKAAAYPGMGVKFIDVRADFAGRESIYITSDGIHP

TAAGSRVLSNRILQALD 

>CE18 

MNNLTLLPGWALAASNLLPLQQALHERLPDLTVQLAELPPRLQMSTLEPDLTALAEALPAGWLAGWSL

GGMLAVQLQRRFPERFFGVITIASNACFAARNGWPHAMPVDTFKAFLADAREQPERILKRFSLLVTQG

GENARELSKQLQWSDADPLQRLNQLALLGVIDNRIPLQRCAQPVLHCLGGNDALVPAAVESDLLALNG

NARVRMLPQGSHALPLEAPLWLAGEIAEWLEAQ 

>CE19 

MVVNLFQRGRGKALLQSMEKAESYEQWSELAAAWDHEEGLDDWKQDDACESYDYRSIRQRLDVLRDLR

FRKDYHQLLFVLNEGVHGNLGGMGKPSLYNKARLGTKNLITRYIDELCGALNDLNEVDDKIISLAEKQ

DFFLRASHCNGRTALMLSGGAVLGFFHAGVLKALFDQGLLPEIISGSSAGSILAATACTHVDEELRER

LSLDNLHHEVEQTSAIRPSLSLFGGGRAMDADNLRDYLAKIIPDLTFQEAFELTGRKLNITVTGLSTQ

QAPRLLNAITSPNVLIRSAVTASCAIYGIYPPVTLMCRNAAGETVPYLPGMKWIDGSFADDLPAKRLA

RLYGVNHFISSMTNPAALAITPDPDAPRNRLRNLAHFQARFLKIGAAEAMRFSRDNVRIKSPVLSLMQ

HLTYGVLAQEYTADINIFLRNRWDHPLRLLAPPSREAMHRLIHEGERSTWEKIEMVRNCTAVSRTLDA

ILHTRGWEK 

>CE20 

MSPHIIEPATPATRSVIWLHGLGADCYDFVPVVEALQLPADHAIRFIFPQAPTRPVTINGGFPMPCWY

DILGMSPARAINQSHLDEAVALVRQLIDEQCAQGIALENIILAGFSQGGAVVLCTAVSSELPLGGVMA

LSTYGPGLDLLLEQHPARQPLELFCAHGRFDDVLPLAMGREAHDLMQAAGHQTRWYEYPMAHEVCMDE

IADIRRWLVERLGL 

>CE21 

MSRTTMIGLRIRTLLGGMLLAGGLVSGSWADSAPEAFSQQRLDAFGATMAEEVQQGRIAGIATLVYQN

GEVVQRGQYGFADREQGKPLTPDSLYKIFSLTKLVTGTALLTLYDEGRFELDDPVGKYIPELQDLQVA

IADGPDGMPETEPSAHPVTIRELMTHTGGFTYGRFGNTQVDQLYVKADIQNPDSTFADMMAKLQHIPL

LYQPGTVWNYSISVDIQAYLVEVLSGKSFDVYLQEHLFDPLKMVDTDFYAPAGKAERLALSYKPQEDG

SLAPLPNTPFLSKPRFLNGGGGLISSMDDYLRFARMLLAGGELDGVRILKPETVELMRQNQLPEGVEN

IGPFFPGNQFGLNVAVVNDSPAAGYLPEGTYWWWGIQGAWCWIDPANQAIVIGMMQNTDYRLSRMIHG

KASRALYGPAAGQ 

>CE22 

MRIHTRENVSKRDTRYLPFASSHPLLKTARTNKQQSTCAWRTTRMTRLKKTALLTMVISSLTLTGCLS

GGGGGSSSNDQADNRVRLQDQRVEEGFFNVNEAGLPFDALPEYSDSSRWTGVLNGAGYRIEVPANWNG
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MLVMYTHGFRINNIDQLTVDTPPMRRYLLEEGYAWAASSYSANFYDVRAGLEDTNALALAFTDIAAEN

GRTLDTPDKYYITGVSMGGHIAAAAVERETLATANNVVNYSGSAPMCGVVGDTELFNFFAGYTIALAT

LSGNPIDEFPLTQEEAATIVANARTVLWNDYTTNKFPSGLTQQGLAFYQTLKNLSGGERPMYPISFGL

FQDLLQGFAGSDGTVDGILLDNVVDTNAITYRFESELGEPLTTDEINFNSMIVKATATEGANDLRDDG

LRWIPKVNGEFDVPVVTAHTIGDLFVPILMEQEYARRAAENGSDDLLVQRAIRAPGHCDFTEAEFTAT

LAAMLDWEQGGPKPGGDDWLTPATVAAEDFGCTYTIDGPVAEGNYPRAGLPSCTPD 

>CE23 

MQTLLSNFPPVRLALAAVVTTSLSLTGCLSGGGGSSSDGAATVEEPTDLRTTLSGDVRGVEQEGYFEF

LGIPYAAAPVGDLRFAAPQAAAGWDEERAADAYGSACPQAGQTFDEAEDCLYLNVFTPKNRGPHPVMV

WFHGGAFVFGSGGGTYVPPRLVAEDIVVVTVNYRLGKLGFTAHPGLTEEQGASGSYGILDQQMALQWV

QDNIEAFAGDPANVTIFGESAGGLSVLSHLVSPASAGLFAKAIVQSGSYSRVQASMAVAESAGEGFAT

LLGCDAATAAQEVECMRSKSVAQIMAIAPGTVTPTLRPDVLPASVNQGLAAGEFNDVPLLMGTNSDEW

SYFLASRGELNPITQANYQFLLNNSVGPVETPNVVALYPASDFSDDYAALMTAVGTDGNFACNASVQA

ASVAENGSQPLFVYEFADRDAPSPGIVAPSWLTLGATHASELAYIFGTDDSFRVRGATDDQVALADIM

SRAWTAFARSGNPSHDDLTWVDYGDSAGGMVSFETPEVQPLSRSVFRSVHRCDYWTPEV 

>CE24 

MQLLIGLIGLFVLIAFSLRRWLLRRESPQVQAVDFDGELYRIGQACVARRGPQDAEQTVLVMPGFVEN

FLYFTEHYENPSLQLILLTSADYHVPVNRPRFSEADWISQPKARAGTIAYDAEVLNQALQHLATGKQI

RVHGHSRGGAVVLESARQRPDLFTRVEVILEAPVLPQGKPYRDVPRFFRWFLPFYLFAWQQQPISAAN

RSLFGPLDDPRKRELIMALPFNPKRGSTFVHNILDLASWMPTNTPDIYQHVCRGAILVPSADRILEPR

AMLHSARQAERLQIIEIEGCSHLITADRPDCIPPLTTLTP 

>CE25 

MIRATLPYTQAPYREPSAHLAQPFQQQDKRTHRMNAQMFKLATLALGLSLSSIALATNPGGGGGTGNP

ATGTGFPGVSSFSADGPFATTSGSAGSSCTVFRPSSLGENNRKHPIIVWGNGTTASPSTYAALLEHWA

SHGFVVIAANTSNAGTGQEMLGCVDYLTTQNNRSSGTYANKLDLNRIGAAGHSQGGGGTIMAGQDYRI

KVTAPFQPYTIGLGHNSSSQSNQNGPMFLMTGSADTIASPTLNALPVYNRANVPVFWGELSRASHFEP

VGNAGDYRGPSTAWFRYHLMDDASAEDTFYGSNCDLCSDRDWDVRRKGIN 
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