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IIl. Abstract

Plastics play an important part in nowadays life since it became the material of choice used
in countless application (e.g. packaging, automobiles or furniture). Among all plastics,
polyethylene terephthalate (PET) is globally one of the most abundant and in 2014
approximately 40 million tons of PET were used for the production of plastic bottles,
synthetic fibers, and foils. In order to meet requirements of modern life style, most of the
commonly sport clothing are made of highly hydrophobic PET polymer making the clothes
waterproofed and antimicrobial if linked to silver. Washing of synthetic clothes causes
microplastic PET accumulation into freshwater systems through household sewage
discharge. Additionally, low PET biodegradability causes its accumulation in terrestrial and
aqueous environment in form of either by products during PET production or accumulated
PET after final usage.

Chemical or mechanical PET degradation is usually performed under harsh conditions (high
acidic, high basic, high pressure) in a time consuming manner resulting in incomplete PET
degradation. Alternatively, enzyme-based PET degradation showed to have an application
potential to completely degrade PET into monomers and offers environmentally friendly
method for removal of accumulated plastic particles. Up to date no successful enzyme-based
PET degradation was achieved since principle and underlying molecular basis of hydrolysis of
PET is still not elucidated. In previous studies it was shown that potential enzymes with an
ability to catalyse PET degradation are hydrolases (i.e. esterases and cutinases) with still
weak activities towards PET. In order to be applied in biodegradation processes (e.g. waste
water treatment, laundry detergents) the enzyme candidates need to be further optimized
regarding its specific activity towards PET, and resistance towards high temperatures.

The enzyme optimization was since 1970s done using directed evolution and rational design.
A main bottleneck of every directed evolution experiment is the design of a screening
system which mimics application conditions as close as possible. In order to evolve
hydrolases having high specific activity towards PET the complex aromatic model substrate,
phenol benzoate was used to develop and optimize microtiter plate (MTP)-based screening
system. The screening system is based on indirect monitoring of esterolytic activity through
detection of phenols with 1,5-dimethyl-1-4-(4-oxo-cyclohexa-2,5-dienylidenamino)-
2-phenyl-1,2-dihydropyrazol-3-one. The product formation is followed continuously as an
increase of absorbance at 509 nm. Validation of novel screening system was done by
screening error-prone PCR (epPCR) esterase mutant library for improved esterase activity at
elevated temperature. The identified esterase variant T3 (Ser378Pro) showed a 4.7-fold
improved residual activity after thermal treatment.

MTP screening formats offer screening throughput of 10*-10° variants which is insufficient to
cover sequence space in generated gene diversity library (108-10°). In order to increase
screening throughput and increase coverage of sequence space a novel ultra-high
throughput screening system was optimized as a part of a universal screening toolbox for
hydrolases. The screening is based on coupled enzyme reaction using glucose derivatives as
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substrates which upon hydrolysis forms a fluorescent hydrogel layer on the surface of the
E. coli cells. Applying a developed screening platform on epPCR esterase library resulted in a
variant E1 (Glu256Gly, Gly401Val) with a 7.1-fold higher k..:and 2-fold reduced Ky.

Additionally, in order to generate first hypothesis on PET degradation mechanism, an
in-depth analysis of esterase lid like loop (18 amino acids) in close proximity of the active site
was done. Shortening and complete deletion of the esterase loop was performed and its
influence on PET degradation activity was followed. The activity decrease correlates with the
decrease in loop length and revealed in an inactive esterase variant in case the complete lid
like loop was deleted. This confirmed that the lid like loop has a key importance for the
esterase activity.
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Part I: General Introduction

1. Directed evolution and protein engineering
Enzymes are proteins which can catalyse many biochemical reactions in living cells ensuring

their survival. The isolated enzymes from natural habitats are efficiently operating under
defined conditions such as temperature, pH, defined salt concentration and in aqueous
environment®. In order to be employed in various industrial applications enzymes needs to
fulfil industrial demands such as high substrate concentrations, highly acidic or basic pH, high
temperatures, and high organic solvent concentrations. Therefore, there is a constant need
to tailor and optimize natural biocatalysts. Up to now, many success stories were generated
on modifying enzymes to match requirements of industrial application. The successful
implementation of enzymes in the industry was shown for the Candida antarctica lipase B
which replaced the conventional chemical processing of oleo chemical esters. The benefit of
the enzymatic-based production was the reduced energy use, due to increased enzymatic
specificity in the catalysis yielding in a product purity of 96.4 %?.

A common way to tailor enzymes is protein engineering to improve enzyme stability, activity
and thus general adaptation to industrial conditions. Common strategies for protein
engineering are directed evolution and rational design®*. Both methods were developed to
tackle the limitations of natural enzymes by tailoring their properties to the needs of a
particular application or working conditions and simultaneously identify and investigate
structure-function relationships”.

Rational design is based on methods like computational chemistry, molecular modelling or
X-ray crystallography to get a fundamental knowledge about the structure-function relation
as well as the catalytic mechanism. Based on this knowledge a prediction of possible amino
acid exchanges is performed in order to optimize the enzyme performance. Site-directed
mutagenesis (SDM) and site-saturation mutagenesis (SSM) are used to generate the
proposed substitutions in enzymes. It was shown for a glucose 1-dehydrogenase that by
introducing disulfide bonds the thermal stability was increased and the half-life was
improved compared to wildtype (1868-fold)°. Nevertheless the final improvement of the
modified enzyme variant is not predictable even though all available methods are used for
analysis’.

In contrast to rational design directed evolution does not require knowledge about the
structure-function relation of a protein®®. Figure 1 shows the three major steps applied in a
directed evolution experiment. In the first step “Gene diversity generation” the gene of
interest encoding for the protein of interest is randomly mutated™. In the next step
“Screening for improved variants” mutant libraries are expressed and screened in conditions
directly comparable with the final application. Finally, improved variants are identified and
“Isolation of gene encoding for improved protein variant” takes place in order to analyse the
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sequence. This workflow is repeated through iterative cycles until the protein with the
desired improvements is identified.

Step Il
§  Screening for
improved variants
iEmodng protein of interest Step | fmtam“mw Improved mutant
SRS CAL et GIaATrs W SATOCCCCGr.AceAck CATTAAY Step Il
Gene of interest Gg;e;:;elgnty &jnmm:g;ﬂmaccn “:‘!K%-ﬁ? Isolation of gene

S-ATG CCC OOT . Gﬂ WF‘TTM'

s‘-anccm ACG ACA CAT TAAY

3TAC CGGC &

Iterative cycle
Figure 1 Schematic overview of a directed evolution experiment. Stepl: Gene diversity generation,
Step lI: Screening for improved variants, Step lll: Isolation of gene encoding for the improved protein variant,

these steps can be repeated in iterative cyclesu.

The number of iterative cycles depends on the starting activity of the protein, resistance of
its gene to mutations and the level of improvement to be achieved. The main challenges to
perform a successful directed evolution experiment are the generation of a library with
unbiased diversity and developing a screening/selection system that mimics as close as
possible the desired working conditions in order to apply a correct selection pressure®

Diversity generation methods are crucial for the success of a directed evolution experiment.
The classical example of diversity generation method used in directed evolution is
error-prone polymerase chain reaction (epPCR). In most PCR reactions, Thermus aquaticus
(Taq) DNA polymerase is used to amplify DNA™. Taqg DNA polymerase has a missing
3’-5’ proofreading exonuclease activity which leads to errors in the amplified DNA
sequence™. Eckert and Kunkel observed in a standard PCR with Tag DNA polymerase an
error frequency from 2*10* to  1*10° meaning one  mutation per
50000 to 100000 nucleotides™. In addition, there are many different factors influencing the
error frequency (mutations per nucleotide per cycle) such as applying high concentrations of
MnCl, or MgCl,, unbalanced dNTPs ratio, usage of nucleotide analogs, or addition of

1620 The main limitation of the epPCR method is a fairly uncontrollable

propanol/acids
mutation frequency and a biased mutational spectrum, 40.9 % of all substitutions are from
A->T, T->A?. Since epPCR has so many limitations, the novel gene diversity method
sequence saturation mutagenesis (SeSaM) was developed and widely used as a method of
choice for diversity generation’?. The advantage of SeSaM is the truly unbiased
randomization of the target sequence at every single nucleotide position??. Thereby SeSaM

overcomes the limitation of biased polymerases for transition (A¢>G, T<>C) over
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transversion (A/G—>C/T, C/T->A/G). SeSaM is divided into four steps: (1) generation of DNA
fragments with different lengths, (2) elongation with universal bases using terminal
transferase, (3) amplification of the full length of the fragment and (4) exchange of the
universal base®%. Wong et al. described the optimal techniques to generate a diverse mutant
library as followed: 1. unbiased mutational spectrum, 2. controllable mutation frequency,
3. consecutive nucleotide substitutions or codon-based substitutions, 4. enable subset
mutagenesis, 5. independent of gene length, 6. technically simple and reproducible and
7. economical®®. SDM and SSM are the methods of choice used as focused approaches within
a directed evolution experiment. A pair of mutagenesis primers can be designed for the
introduction of mutations at specific position in the gene sequence“. These changes can
either be point mutations, insertion and/or deletion. It is a very fast, simple and straight
forward method because the whole plasmid is amplified in a single PCR and no additional
steps, such as purification, and cloning, are necessary. The disadvantage of SSM and SDM is
that multiple or simultaneously mutagenesis is not possible. The developed method
OmniChange allows the saturation of five independent codons simultaneously. Thereby,
OmniChange is fragment size and sequence independent and final gene hybridisation is
working without any additional PCR amplification or use of restriction enzymes®.

A crucial step after gene diversity generation within a directed evolution campaign is the
screening. Thereby the optimal screening system needs to mimic the final enzyme
application conditions as close as possible and increases the possibility to identify improved
variants regarding e.g. higher stability at defined pH or temperature, higher activity or higher
affinity for the specific substrate. Leemhuis et al. described several different screening
methods: agar plate screening, microtiter plate (MTP) screening, pico and femto-liter
reactors: cells in droplets, cells as micro-reactors, cell surface display and in vitro selection
and screening (Table 1)*°. During agar plate screening the colonies are incubated with the
substrate enabling detection of active enzyme via a visual signal like halo-formation or
colour development®’. The most common screening method is still MTP screening. The
advantage is that 96 to 384 clones can be screened simultaneously, and furthermore several
analytical tools can be used (such as colorimetric and fluorometric-based screening systems).
The disadvantage of this screening strategy is the limitation in throughput of 10* variants per
round, which is classified as a medium throughput system. Therefore, flow cytometer-based
systems are used to overcome the above mentioned screening limitations by enabling a
screening of up to 10’ events per hour®®. Flow cytometry screening systems can be
performed in vivo using bacterial cells for expression (E. coli or Bacillus) and/or displaying
the enzyme on the surface of the cell via anchoring motifs. Another method for flow
cytometry screening system is in vitro using e.g. water-in oil-in water double emulsion
compartmentalization of DNA encoding for an enzyme and in vitro-transcription-translation

mixture®>3?

. The main challenge of flow cytometry screening systems are selection of
suitable fluorogenic substrate which doesn’t diffuse out of the cells or double emulsion
compartment32. An overview of the screening methods employed in directed evolution

campaigns is given in Table 1.



Part I: General Introduction

Table 1 Overview of screening and selection methods, their library size, advantage and disadvantage %

Strategy Library size Advantage Disadvantage
Selection ~10° Yields desirable variants Only possible if activity gives
growth advantage
Agar plate screen ~10° Simple to operate Limited dynamic range
Microtiter plate screen ~10" All analytical methods Relatively low screening
possible, excellent dynamic capacity
range

Cell-in-droplet screen ~10° Large libraries Fluorescence detection and

DNA modifying enzymes
Cell as microreactor ~10° Large libraries Fluorescence detection
Cell surface display ~10° Large libraries Fluorescence detection
In vitro ~10" No cloning steps, large Fluorescence detection and

compartmentalization libraries DNA modifying enzymes

2. Esterases

Hydrolases are a class of enzymes which catalyse the cleavage of chemical bonds using water
as a nucleophile. Hydrolases include e.g. esterases, lipases, proteases, phosphatases, and
nucleases. Esterases and lipases are very similar in their catalytic function both cleaving
esters bonds (EC 3.1) and releasing e.g. fatty acids (Figure 2). In particular, esterases act on

water-soluble carboxyl ester molecules which are composed of short-chain triglycerides>>>*.

_O)J\/\/\/\ ——OH

o Esterase o]

)J\/\/\/\ ‘7L-Ipase M
PE——

S +3H,0 | on +3 HO

0
_O)J\/\/\/\ L— OH

Triacylglycerol Glycerol Fatty Acid

Figure 2 Hydrolysis of triacylglycerol catalysed by esterase or lipase. Modified from™.

Ollis et al. showed that most hydrolytic enzymes have one element in common, the
a/B hydrolase fold*. The a/B-hydrolase fold comprise eight B-strands and six a-helices
(Figure 3). Most of the esterase and lipase have in a catalytic triad three amino acids
Ser-Asp-His surrounded by the consensus sequence GIy—X—Ser—X—GIy33. Serine as a
nucleophile is located between the B-5-strand and the a-C-helix, aspartic or glutamic acid is
placed between B-7-strand and a-D-helix, whereas histidine is located after the B-8-strand
(Figure 3).
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Figure 3 Schematic overview of the a/B hydrolase conformation. The arrows symbolise the B-strands, the
cylinders show the a-helices, the three points are the catalytic amino acids (Ser, His and Asp), and the dotted
line shows difference to the other hydrolases%‘37

Structural similarity of serine protease and other hydrolases (i.e. catalytic triad,
o/B-hydrolase fold) indicates that all serine hydrolases share the same reaction
mechanisms®. The reaction mechanism is divided into two phases: acylation and
deacylation. At the beginning of the acylation the hydroxyl group of the serine starts a
nucleophilic attack on the carbon of the substrate (Figure 4A)*°. The reaction proceeds via a
negative charged carbonyl-oxygen (Figure 4B). The outcoming tetrahedral intermediate,
which is stabilized in the oxyanion hole release an alcohol resulting in an acyl-enzyme
intermediate (Figure 4C). The oxyanion hole is composed of two amino groups of the
peptide chain (Gly193, Ser195)%. During the de-acylation the oxyanion hole stabilizes a
tetrahedral intermediate which is formed by an attack of deprotonated water (Figure 4D).
The catalytic mechanism ends by the release of the acid and the regeneration of the catalytic

triad by rearrangement of electrons and proton of the histidine (Figure 4E)***.
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Figure 4 Mechanism of acylation and deacylation of the hydrolysis. Reaction is catalysed by esterases or lipases.
A: nucleophilic attack, B: tetrahedral intermediate with oxyanion hole, C: acyl-enzyme intermediate and
release of alcohol, D: tetrahedral intermediate with oxyanion hole, E: release of acid and regenerated catalytic
triad. The substrate, released alcohol and acid are shown in red, the oxyanion hole in blue and the catalytic
triad is shown in black, modified from™.

Esterases can be found in many microorganisms (e.g. Pseudomonas aeruginosa, Salmonella
typhimurium) as well as in nearly all plants and animals (e.g. pig, Anthurium polyneuron)** **.
Esterases are an interesting enzyme class in the field of biotechnology due to the absence of
cofactors for the catalytic reaction and their stability in organic solvents (e.g. DMF 15 %)*.
Furthermore, esterases also have a wide temperature profile e.g. the carboxyl esterase NP
from 35°C to 55°C** *. A wide range of different microorganisms has been screened
(e.g. metagenome libraries) in order to identify new esterases for industrial applications®.
Thereby, new esterases were identified and afterwards implemented in different production
processes. The esterase from Pseudomonas sp. is used in the production process of
ibuprofen, because the enzyme hydrolyses the reaction in a stereo-specific manner with
more than 99 % efficiency®®. Another esterase from Ophistoma piceae is implemented in the
paper manufacturing application because of the efficient hydrolysis of triglycerides and
sterol esters’. In the bio-fuel industry feruloyl esterases play key physiological role due to
their possibility to degrade the complex structure of plant cell walls, which is involved in the

48-49

crosslinking of hemicellulose and lignin™ ™. Additionally, esterases isolated from Bacillus sp.

are preferred enzymes for laundry detergents due to their ability to hydrolyse polyethylene
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terephthalate (PET) substrate which are commonly used in the textile industry for the
production of novel sport textiles®®. Overall it is shown that esterases are widely applicable
in different production processes and will be more and more used in the chemical industry.

3. Polyethylene terephthalate
Polyethylene terephthalate (PET) is one of the plastics which production and use recently

expanded in European market. In the year 2011 6.5 % of the overall used plastics was PET,
beside the other five groups: polypropylene (PP), polyethylene — low density (PE-LD),
polyethylene — high density (PE-HD), polyvinyl chloride (PVC), polystyrene (PS), and
polyurethane (PUR) (Figure 5)>%.

20.0 %

11.0 %

Other PP PE-LD PP-HD PVC PS PUR PET

Figure 5 European plastic demand of different plastics types in the year 2011 (polypropylene (PP), polyethylene
— low density (PE-LD), polyethylene — high density (PE-HD), polyvinyl chloride (PVC), polystyrene (PS),
polyurethane (PUR), polyethylene terephthalate (PET)), modified from*".

PET is a thermoplastic polymer belonging to the family of polyesters. PET monomers can be
produced by (1) reaction of dimethyl terephthalate with ethylene glycol in a
transesterification reaction with methanol as byproduct or (2) esterification of terephthalic
acid and ethylene glycol with water as byproduct®*. A polycondensation reaction takes place
to build up the aromatic linear PET polyester (Figure 6) with no crosslinks>>.

B 0
(0]
O/\/ ~~
~]
(0]

—/n

Figure 6 Structure of polyethylene terephthalate (PET) with n number of repeating units.

Dependent on final application (beverage containers, textiles and food packaging) produced

PET can be semi-rigid to rigid or flexible, with a high tear strength and light resistance and

54-55

can be used as a moisture barrier’ ", Additionally, PET exhibits high mechanical strength,

low permeability to gases and a chemical resistance making PET-fibers very interesting for
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the textile industry®*. In the textile industry PET-fibers were used for the production of novel
sport textiles, because they improve the wetting properties and furthermore the strength
retention of polyester fabrics. Interestingly, an anti-pilling effect of hydrolases (cutinase;
esterase; and lipase) is reported for PET-fibers which makes esterases also very attractive for
the laundry industry56. The esterases can be implemented in novel detergents for sport
textiles (based on PET-fibers) to minimize the pilling effect.

The worldwide annual production of plastic bottles, synthetic fibers, and foils accounts for
40 million tons of PET (http://www.verpackungsbarometer.de/fuer-verbraucher
/materialkunde2/vom-erdoel-zur-pet-flasche, accessed 24.10.2015)°’. PET shows a high
resistance towards humidity or microbial attacks and do not rot in the environment which
makes its degradation chaIIengingSS. The low biodegradability of PET causes waste
accumulation in either terrestrial or aqueous environment after washing of synthetic clothes
and release of microparticels in sewage water>®. Due to the high global PET production, PET
degradation and recycling are important topics for achieving a sustainable bioeconomy®.

Mechanical degradation through disintegration, granulation and recycling of PET can only be
applied partially to remove PET waste and do not result in high value degradation products
due to missing high quality standards®. Until now, the most common way is the chemical
PET degradation: (1) methanolysis, (2) glycolysis, (3) hydrolysis, (4) ammonolysis,
(5) aminolysis and (6) other processes®®. A advancement would be to design plastic which
can undergo a controllable biological degradation®. Since 1970 the research is done to find
enzymes which are able to catalyze the biological PET degradation. In 1977 Tokiwa and
Suzuki showed that extracellular lipases attack ester bonds in polyester and are promising
candidates for the degradation of PET®’. The potential of an esterase to degrade PET
polymer was firstly reported by Ribitsch et al. in 2011, Until now PET degradation is
reported for hydrolases like esterases, lipases and cutinases®. The essential step performed
by the enzymes is the hydrolysis of the ester or amide bonds in the polymers>. The
problematic of the current enzymatic degradation is the elevated temperature. The optimal
enzyme reaction temperature for the degradation of PET is around ~40°C. However at this
temperature, PET substrate is crystal and rigid. Therefore, a hydrolysis of the PET is not
possible, due to the low accessibility of the substrate for the enzyme. By increasing the
temperature above 60°C the flexibility of PET side chain can be increased and allows a better
substrate fitting in the active site of the hydrolases®. Nevertheless, the required
temperature for the PET degradation (above 60°C) has a negative effect on the enzyme
activity, since most of the enzymes are inactive at temperatures higher than 60°C.
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4. Objectives
The project “Functionalization of Polymers” (FKZ: 031A227F), founded by the innovation

initiative industrial biotechnology of the German Federal Ministry of Education and Research
(BMBF), aims to optimize enzymes to efficiently modify natural or synthetically polymers for
a sustainable usage in the industry. The main objective in the frame of “Functionalization of
Polymers” project is the enzyme-based functionalization of synthetic PET polymers in order
to improve its degradation, and to tailor enzymes to efficiently perform in laundry detergent
application such as improving appearance, as well as the life time of the fibres.

The goal of this thesis was to generate improved esterase variants which can fulfil industrial
requirements like PET degradation. For an economically reasonable application the esterase
needs a significant higher activity towards PET degradation. In order to achieve a higher
specific activity a protein engineering campaign had to be performed. A screening system
needed to be developed which has a low standard deviation and a substrate that mimics the
PET structure. First insights into principles and underlying molecular basis had to be
elucidated by investigating structure function relationships.

The main objectives were divided into three parts (Part Il, Part Ill Part IV). The aim of the
Part Il was the optimization of the esterase towards increased activity and degradation of
PET by means of directed evolution using an esterase isolated from B. licheniformis. The
second objective presented in Part Il of this work was the optimization and validation of an
ultra-high throughput screening platform in order to overcoming the limitations in
throughput obtained by a MTP-based screening system. In the Part IV, in-depth analysis of
esterase structure especially on lid like loop as key feature for substrate acceptance is
presented in order to generate first hypothesis on PET degradation activity.
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Part Il: Development of a continuous MTP screening system for esterases
based on conversion of aromatic model substrates resembling complex PET
structure

Parts of this chapter were published by the author in the journal of Applied Microbiology
and Biotechnology. Reproduced with kind permission from Springer Science and Business
Media.

“Lualsdorf N., Vojcic L., Hellmuth H., Weber T. T., MuBmann N., Martinez R. and Schwaneberg

U. (2015) A first continuous 4-aminoantipyrine (4-AAP)-based screening system for directed
esterase evolution. Appl. Microbiol. Biotechnol. 99(12), 5237-5246"

Goals and main results
The aim of this work was to develop a screening system which overcomes the limitation of

available screening systems based on p-nitrophenyl- (e.g. p-nitrophenyl acetate) or
umbelliferyl-esters and broadens substrate scope towards more complex aromatic
substrates. The novel screening system based on the substrate phenol benzoate was
established and optimized for medium throughput screening in MTP for increased thermal
resistance, with a standard deviation less than 5 %. The screening system was validated by
screening of pNBEBL (p-nitrobenzyl esterase B. licheniformis) mutant library and
identification of variant T3 Ser378Pro with 4.7-fold improved residual activity after thermal
treatment.

1. Introduction

Identification of improved enzyme variants in directed evolution campaigns requires a
robust and reliable screening system®°®. In directed esterase evolution indicator agar plates
supplemented with tributyrin®* are commonly used to qualitatively screen up
~10° variants?. Medium or high throughput screening systems are based on chromogenic or
fluorogenic phenols, like acetates or butyrates of nitrophenol or 4-methylumbelliferone,

%768 The most prominent assay relies on monitoring esterolytic

resofurin or fluorescein
activity based on p-nitrophenyl-esters as substrates. The release of the product
p-nitrophenolate can spectrophotometrically be monitored at 410 nm®. The main
071 At a pH

higher than 8.0 a spontaneous hydrolysis of the aliphatic esters in aqueous solutions takes
|67, 72-73

disadvantage of p-nitrophenyl-based screening systems is the pH sensitivity
place resulting in a high background signa . Nevertheless, mainly p-nitrophenyl-based
screening systems were applied in directed esterase evolution campaigns. Moore et al. used
p-nitrobenzyl ester as substrate to increase the activity of p-nitrobenzyl esterase 16-fold
compared to WT*. The thermal stability of a B. subtilis p-nitrobenzyl esterase was improved
after six rounds of random mutagenesis. The identified variant showed an improved
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thermostability with more than 14°C increase in v, In addition, four rounds of random
mutagenesis and two subsequent rounds of recombination were needed to generate a
p-nitrobenzyl esterase variant with a 150-fold improvement in presence of
15 % dimethylformamide’®. A report about a p-nitrobenzyl esterase highlighted the
identification of a variant with 100-fold increased activity in aqueous-organic solvents. The
isolated variant was generated by epPCR and gene shuffling library and screened with the
p-nitrobenzyl-ester of the antibiotic loracarbef’. In addition to the colorimetric-based
screening systems pH-stat and fluorometric assays were applied for the characterization and
identification of improved esterase variants. An overview of esterase activity detection
methods is provided in Table 2.

Table 2 Overview of available screening formats, substrates and methods employed for esterase activity
determination’®.

Method Substrate Reference
Agar plate p-nitrophenyl acetate (C2) 5
Tributyrin 7779
Colorimetric p-nitrophenyl acetate (C2) 69, 75-86
(cuvette, microtiter plate) p-nitrophenyl propionate (C3) 5082

p-nitrophenyl butyrate (C4) 79:80,82,86:88

p-nitrophenyl valerate (C5) 8
p-nitrophenyl caproate (C6) 78 80,82,86,89
p-nitrophenyl caprylate (C8) 80,82, 87,89
p-nitrophenyl caprate (C10) 78 80,82,86,89
p-nitrophenyl laurate (C12) 80,82, 86,89
p-nitrophenyl myristate (C14) 8
p-nitrophenyl palmitate (C16) 7889
p-nitrophenyl stearate 8

. . 79, 86
Triacetin !

Tributyrin 8

. . 86
Tricaproin

Flow cytometry 5,6 carboxy fluorescein diacetate %0

. . 90
Fluoresein diacetate

Fluorometric 4-methylumbelliferyl acetate o192

. 91-92
(cuvette, microtiter plate) 4-methylumbelliferyl butyrate .
Diehtyl 4-methylumbeliferyl phosphate

p-nitrophenyl palmitate (C16) %2

Titration Diethyl p-nitrophenyl phosphate &

. . 89
(pH-stat method) Triacetin o
Tributyrin

Tricaprin 8
Tricaproin 8
Tricaprylin 8
Triolein 8

Tripropionin 8




Part Il: Introduction | 12

Hydrolases e.g. cutinases, esterases, and lipases showed an anti-pilling effect for PET-fibers
and additionally improving the wetting properties and thereby strength retention of
polyester fabrics, which gave a first hint for a possible PET degradation application®°.
Ribitsch et al. reported in 2011 the degradation of PET polymer by esterases™”. They used
HPLC analysis to detect the degradation of PET and of the model substrate
bis-(benzoyloxyethyl)-terephthalate by identifying the released monomers. For a directed
evolution campaign the HPLC method is not useful, because the number of analysis is limited
and therefore a mutant library (with 22000 clones) cannot be successfully screened. Another
possible PET degradation detection method is halo formation through agar plates, where
PET or bis-(benzoyloxyethyl)-terephthalate is solubilized. Applying this method only allows a
gualitative evaluation. The challenge in detecting PET degradation activity is to generate a
reliable MTP-based screening system although PET is poorly soluble e.g. in o-cresol.
Overcoming this problem a model substrate mimicking PET had to be employed. As PET has
an aromatic structure the similar substrate phenyl benzoate was selected which resembles
the aromatic structures of PET and additionally has the same orientation of the ester bond.

In this part of the thesis a directed esterase evolution towards hydrolysis of aromatic esters
was reported applying a continuous high throughput screening system in 96-well MTP
format. The screening system was validated in a directed evolution campaign employing a
random pNBEBL mutagenesis library in a single round of direction evolution.
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2. Material and methods

2.1. Material

Chemicals were of analytical-reagent grade or higher quality and purchased from Invitrogen
(Darmstadt, Germany), Carl Roth GmbH (Karlsruhe, Germany), Sigma-Aldrich (Hamburg,
Germany) and AppliChem (Darmstadt, Germany). All enzymes were purchased from New
England Biolabs GmbH (Frankfurt, Germany). Thermal cycler (Mastercycler proS; Eppendorf,
Hamburg, Germany) and thin-wall PCR tubes (Multi-ultra tubes; 0.2 ml; Carl Roth GmbH,
Karlsruhe, Germany) were used in all PCRs. Oligonucleotides were purchased from Eurofins
MWG operon (Ebersberg, Germany). The amount of DNA in cloning experiments was
guantified using a NanoDrop photometer (ND-1000, NanoDrop Technologies, Wilmington,
DE, USA). Plasmid extraction and PCR purification kits were purchased from Macherey-Nagel
(Duren, Germany). Sunrise plate reader (Tecan Group AG, Mannedorf, Switzerland) was used
for absorbance detection. Microtiter plates (Greiner Bio-One GmbH, Frickenhausen,
Germany) were incubated in a Multitron Il Infors shaker (Infors AG, Bottmingen,
Switzerland).

2.1.1. Target gene
The gene p-nitrobenzyl esterase (pNBEBL) (GenBank number: AAU39577.1) from

B. licheniformis, composed of 491 amino acids, has a molecular weight of ~54 kDa>. The
gene of pNBEBL was ordered as a synthetic gene (GeneArt, Regensburg, Germany). The
sequence has a sequence identity of 60.8% to a B. subtilis p-nitrobenzyl esterase
(PDB 1CFI)”.

2.1.2. Strains and plasmids
The E. coli strains DH5a and BL21-Gold (DE3) were purchased from Agilent Technologies

(Santa Clara, USA) and used either as hosts for DNA manipulation or for recombinant protein
expression. The plasmid pET22b(+) from Novagen (Darmstadt, Germany) was used to
construct an expression vector. The used strains and plasmids were summarized in Table 3
and Table 4.

Table 3 Bacterial strains used in this work.

Strain Description References

E. coli DH5a F-mcrA A(mrr-hsdRMS-mcrBC) endAl recAl Agilent Technologies
$80d/acZAM15 AlacX74 araD139
A(ara,leu)7697 galU galK rpsL nupGA tonA

E. coli BL21-Gold (DE3) F ompT hsdS(ry mg) dem™ Tet” gal M(DE3) endA Agilent Technologies
Hte

Table 4 Plasmid used in this work.

Plasmid Description References

PET22b(+) Expression vector, AmpR Novagen

AmpR: Ampicillin resistance gene
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2.1.3. Oligonucleotides
The oligonucleotides were ordered from Eurofins MWG Operon (Ebersberg, Germany) in

salt-free form and are summarized in Table 5 - Table 8.

Table 5 Primers for epPCR (small letters indicates phosphorothioate nucleotides).

Primer name Sequence 5’-3’
FW_eppnBDSM_PTO cttgtcgacggaGCTCGAATTCTTATTA
RV_eppnBDSM_PTO atacaactgtcgAAACACGCTTCGG

Table 6 Primers for vector backbone (small letters indicates phosphorothioate nucleotides).

Primer name Sequence 5’-3’
FW_pET22_PTO cgacagttgtatCATACATCAT
RV_pET22_PTO tccgtcgacaagCTTGC

Table 7 Primers for site-saturation mutagenesis library (Underlined indicates randomized codons).

Primer name Sequence 5’-3’

Fw_SSM_298 GGCGCGGCAAAANNKATCAATCTATTAATCGG
Rv_SSM_298 CCGATTAATAGATTGATMNNTTTTGCCGCGCC
Fw_SSM_377+378 CGGCTCAATCACGATATNNKNNKGTCTTTATGTACCGG
Rv_SSM_377+378 CCGGTACATAAAGACMNNMNNATATCGTGATTGAGCCG

Table 8 Primer for site-directed mutagenesis (Underlined indicates mutagenized codons).

Primer name Sequence 5’-3’

Fw_Ala377Met CTCAATCACGATATATGTCTGTCTTTATGTACCGG
Rv_Ala377Met CCGGTACATAAAGACAGACATATATCGTGATTGAG
Fw_Ser378Pro CTCAATCACGATATGCACCTGTCTTTATGTACCGG
Rv_Ser378Pro CCGGTACATAAAGACAGGTGCATATCGTGATTGAG

2.1.4. Cell culture medium and cultivation
Cells were cultivated and expressed in Luria Broth (LB) media supplemented with the

respective antibiotics. For isolation of plasmid the cells were incubated (ON, 37°C). For the
expression pre-culture the cells were incubated (ON, 37°C), subsequently the main culture
was incubated (37°C) until an ODggo of 0.6 was reached and then expressed (4 h, 30°C).
Transformants were cultivated on a LB-agar plate. Differentiation of active and inactive
clones was done on LB-agar plates supplemented with tribuytrin. All medias and antibiotics
are listed in Table 9 and Table 10.
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Table 9 Medium and agar plates used in with work.

Medium/Agar plate Composition

LB-medium (11) 10 g tryptone

5 g yeast extract

10 g NaCl
LB-agar plates (1 1) LB-medium + 15 g agar
LB-ager plates (0.8 1) with tributyrin Solution A:

15 g yeast extract
10 g tryptone
5 g NaCl
15 g agar
Adjust pHto 7.5
Solution B:
1.5 g gummi arabicum

30 ml tribuytrin

Table 10 Antibiotic used for cell culture in this work.

Antibiotics Stock [mg/mL] Solvent Working concentration [ug/mL]

Ampicillin 100 Milli Q Water 100

2.2. Methods

2.2.1. Cloning

Chemically competent cells of E. coli DH5a and E. coli BL21-Gold (DE3) were produced
in-house with a transformation efficiency of 2.2*10° and 1.8*10” using the rubidium chloride
technique94. The gene pnbebl (GenBank: AAU39577.1), was ordered as a synthetic gene
together with the pelB leader sequence (GeneArt, Regensburg, Germany) and transformed
into E. coli DH50”>*>®, Plasmid was extracted using the plasmid isolation kit from
Machery & Nagel (Diuren, Germany) and plasmid, containing the synthetic gene, and the
PET22b(+) expression vector were digested using Xbal (100 U) and EcoRI (100 U) restriction
enzymes. After purification of the specific genes, the digested pelB-pnbebl gene and vector
pPET22b(+) were ligated using T4 DNA ligase (5 U) resulting in pET22b(+)-pelB-pNBEBL. For
generation of plasmid construct without the pelB leader sequence pET22b(+)-pelB-pNBEBL
was digested with Ndel (100 U) and the backbone was religated. Plasmid was verified by
sequence analysis (Eurofins MWG Operon, Ebersberg, Germany) and Clone Manager 9
Professional Edition (Sci-Ed software, Cary, USA). For expression experiments the plasmids
were additionally transformed into E. coli BL21-Gold (DE3).
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2.2.2. Construction of epPCR library with PLICing
The random mutagenesis library was generated by using the standard epPCR”. For the

mutagenic PCR of the insert pNBEBL the followed program was used (Table 11).

Table 11 epPCR program for pNBEBL.

Step Temperature [°C] Time [sec] Cycle [-]
Initial denaturation 94 60 1x
Denaturation 94 30

Annealing 58 30 25x
Elongation 72 90

Final elongation 72 600 1x

The PCR reaction mixture comprised of Tag DNA polymerase (2.5 U), dNTP mix (10 mM),
plasmid template (pET22b(+)-pNBEBL, 30 ng), MnCl, (0.04-0.20 mM) and phosphorothioate
DNA primers (Table 5) (20 uM). For the vector backbone amplification the following PCR
program was used (Table 12).

Table 12 PCR program for vector backbone amplification.

Step Temperature [°C] Time [sec] Cycle [-]
Initial denaturation 98 30 1x
Denaturation 98 10

Annealing 54 30 25x
Elongation 72 240

Final elongation 72 600 1x

For the reaction the following mixture was used: Phu DNA polymerase (2.5 U), dNTP mix
(10 mM), plasmid template (pET22b(+)-pNBEBL, 30 ng) and phosphorothioate DNA primers
(Table 6) (20 uM). Agarose gel electrophoresis was performed to confirm the corresponding
size of the amplified insert and vector backbone constructs®’. The PCR products were
digested with Dpnl (20 U) (ON, 37°C), Dpnl was subsequently inactivated (20 min, 80°C)*.
The PCR products were purified using QIAquick PCR Purification Kit (Qiagen GmbH, Hilden,
Germany). The cloning was performed by PLICing and hybridized DNA fragments were
transformed into E. coli BL21-Gold (DE3)***%.

2.2.3. Generation of site-saturation and site-directed mutagenesis libraries
Site-saturation mutagenesis library consist of amino acid position 298, 377 and 378. For

site-directed mutagenesis position 377 and 378 were chosen. According to Wang and
Malcolm a mutagenic “two-stage” PCR was performed for SSM and SDM, where the first
step contains two reaction mixture for separation of the forward and revers
oligonucleotide'®. Subsequently, in the second step both reactions mixtures were combined
and the PCR program shown in Table 13 was continued.



Part Il: Material and methods

17

Table 13 “Two-stage” PCR program for site-saturation and site-directed mutagenesis.

Step 1 Temperature [°C] Time [sec] Cycle [-]
Initial denaturation 98 60 1x
Denaturation 98 30

Annealing 55°/61° 30 3x
Elongation 72 420

Step 2 Temperature [°C] Time [sec] Cycle [-]
Initial denaturation 98 60 1x
Denaturation 98 30

Annealing 55°/61° 30 15x
Elongation 72 300

Final elongation 72 300 1x

?55°C for SSM, ° 61°C for SDM

For the PCR mixture PfuS DNA polymerase (2.5 U), dNTP mix (10 mM), plasmid template
(PET22b(+)-pNBEBL, 30 ng) and oligonucleotides listed in Table 7 and Table 8 (20 um) were
used. The resulted PCR products were digested with Dpnl (20 U) and afterwards purified
using a PCR clean-up Gel extraction kit. Transformation was performed into E. coli BL21-Gold
(DE3) for expression.

2.2.4. Detection of esterolytic activity on tributyrin plates
LB-agar plates with tributyrin were supplemented with 0.1 mM isopropyl

thio-B-D-galactoside (IPTG) and Amp. The semi-quantify assay was used to detect enzymatic
activity via halo formation. Colonies showing esterolytic activity were transferred in a
microtiter plate (MTP).

2.2.5. Growth conditions and expression in microtiter plates
Colonies displaying active enzyme variants (2.2.4) were transferred into a 96-well MTP (flat

bottom) containing 150 ul LB-medium supplemented with Amp and cultivated in a microtiter
plate shaker (ON, 37°C, 900 rpm, 70 % humidity) (pre-culture). For the main-culture
150 pl LB-medium supplemented with Amp were inoculated with 10 pl pre-culture
(v-bottom MTP). The main-culture was incubated (2.5 h, 37°C, 900 rpm, 70 % humidity) until
ODggo was reached 0.6. Protein expression was induced by adding 0.1 mM IPTG and
incubated (4 h, 30°C, 900 rpm, 70 % humidity). Afterwards cells were harvested by
centrifugation (15 min, 4°C, 3220 g), medium supernatant was removed and cell pellets were
stored overnight at -20°C. Cell pellets were resuspended in 150 pL PBS buffer (137 mM NadCl,
2.7 mM KCl, 10 mM Na;HPOg4, 2 mM KH,PQy4, pH 7.4) supplemented with lysozyme (1 mg/ml)
and incubated for cell disruption (1 h, 37°C, 900 rpm, 70 % humidity). Afterwards the MTPs
were centrifuged (15 min, 4°C, 3220 g) and the supernatant containing active enzyme was
transferred in a fresh MTP and used for enzyme activity assays.
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2.2.6. Expression in flask and purification by anion exchange chromatography
Enzyme WT and identified variants were expressed for purification and further

characterization. Therefore, pre-cultures were grown (ON, 37°C, 250 rpm). Subsequently,
1% of the pre-culture was used to inoculate the main-culture (200 ml LB-medium
supplemented with Amp). The cultures were incubated in 1000 ml flasks (37°C, 250 rpm)
until an ODggg of 0.6 was reached. Overexpression was induced by adding 0.1 M IPTG and
incubated (4 h, 30°C, 250 rpm). Cells were harvested by centrifugation (30 min, 4°C, 3220 g)
and cell pellets were frozen overnight at -20°C. For purification the cell pellets were
resuspended in 20 ml HEPES-buffer (10 mM, pH 7). Cell disruption was carried out by using
Vibra-Cell VCX130 (Sonics, Newtown, CT, USA) the received lysate was centrifuged
(30 min, 4°C, 3220 g). Supernatant containing the enzyme was concentrated with Amicons
(10 kDa cut off, Merck Millipore, Darmstadt, Germany) and washed three times with 10 ml
HEPES buffer (10 min, 4°C, 3220 g). The concentrated sample was filtered (0.45 uM) and
loaded into a Toyopearl Super Q 650c anion exchange column (pNBEBL: pl ~4.7,
http://web.expasy.org/cgi-bin/compute_pi/pi_tool) connected to an Aktaprime plus FPLC
system (GE Healthcare, Solingen, Germany). The protein was eluted with 19 % NaCl (1 M).
Fractions showing esterolytic activity were pooled, concentrated and total protein
concentration was determined by Pierce™ BCA protein assay kit (Thermo scientific,
Waltham, MA USA)'%? and the homogeneity analysed by capillary electrophoresis (Experion
system, BioRad, Miinchen, Germany).

2.2.7. Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE)
The SDS-PAGE was used to confirm the expression and the corresponding size of the

expressed pNBEBL. A stacking gel (5 % (w/v) acrylamide) and a separating gel (12 % (w/v)
acrylamide) were used for separation'®. Subsequently, the SDS-PAGE was stained with
Coomassie brilliant blue.

2.2.8. Continuous B. licheniformis esterase 4-aminoantipyrine screening system
(cBLE-4AAP) for microtiter plates

The continuous B. licheniformis 4-aminoantipyrine screening system (cBLE-4AAP) is

104105 por esterolytic activity

modification of the 4-aminoantipyrine assay (4AAP assay)
detection the assay was performed at room temperature (RT) using the supernatant after
cell disruption. Additionally, a detection solution and a substrate solution are needed, which
have to be prepared fresh. The detection solution must be prepared in the following order:
20 pl NaOH (0.01 M), 15 ul of potassium peroxodisulfate (5 mg/ml) in phosphate-buffered
saline (PBS-buffer, 137 mM NaCl, 2.7 mM KCI, 10 mM Na,HPO,4, 2 mM KH,PO,4, pH 7.4) and
15 ul of 4AAP (5mg/ml) in PBS-buffer (pH 7.4). The substrate solution contained
17.5 pl PBS-buffer (pH 7.4) supplemented with 2.5 ul 100 mM phenyl benzoate solved in
acetonitrile. The final assay mixture comprises 160 pl PBS buffer (pH 8.5), 20 ul supernatant
containing pNBEBL, 50 pl of the detection solution and 20 ul substrate solution. The release
of 1,5-dimethyl-4-(4-oxo-cyclohexa-2,5-dienylidenamino)-2-phenyl-1,2-dihydro-pyrazol-
3-one was continuously monitored at 509 nm (60 cycles, 30 sec, shaking 3 sec before first
measurement) in a microtiter plate reader.
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2.2.9. Screening for improved thermal resistance
Identification of variants showing an increased thermal resistance was performed by

incubating 50 pl supernatant of cell lysate containing pNBEBL in a 96-well MTP PCR-plate for
(30 min, 55°C) in a Mastercycler proS (Eppendorf, Hamburg, Germany). After cooling down
on ice (5 min) the residual esterolytic activity was determined at RT by the cBLE-4AAP assay
(2.2.8). Residual activity was calculated by dividing activity value of treated supernatant of
cell lysate with activity value of non-treated supernatant of cell lysate.

2.2.10. Characterization of purified pNBEBL for thermal resistance
The final characterization of the identified pNBEBL variants was done with purified enzyme

(2.2.6) diluted to a final concentration of 180 ng/ul. Characterization regarding thermal
resistance was done in a temperature range from 50°C to 85°C with 50 ul pure enzyme for
30 min (2.2.9). Afterwards the samples were cooled on ice (5 min) and the remaining
esterolytic activity was determined at RT with the cBLE-4AAP screening system (2.2.8). The
specific activity was calculated in Units, using the extinction coefficient for quinoneimine dye
(6.58 I*mmol™**cm™) (Oriental Yeast Co., Ltd., Japan). One Unit was defined as the amount
of esterase that catalyses the conversion of 1 nmol phenyl benzoate per minute.

2.2.11. Computational studies on pNBEBL by YASARA to understand increased activity
The software YASARA (Yet Another Scientific Artificial Reality Application,

www.yasara.orglos) was used to generate the homology model based on the crystal

structure of 1QE3, 1C7I, 1C7J (p-nitrobenzyl esterase from B. subtilis’”) and 20GT (carboxyl

esterase from Geobacillus stearothermophilus™®’

108

). The molecular dynamic simulations of the

109

generated variants were done by FoldX™" as implemented plugin in YASARA™.

2.2.12. Differential scanning calorimetry (DSC) for understanding of increased thermal
resistance
The differential scanning calorimetry (DSC) (DSC 8000, Perkin Elmer, Waltham, USA) was

used to detect the amount of Joule (J) which is needed to denature the protein. Pure protein
(40 pl, 20 mg) was filled in stainless steel sample containers (large volume capsules, Perkin
Elmer, Waltham, USA) and closed by pressure. The reference sample was filled with
40 pl PBS pH 7.4. The purified protein was analysed with the following method: heating from
25°C to 70°C with 10°C/min.
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3. Results

In this work, the cBLE-4AAP medium throughput screening system was established and the
performance parameters in MTPs were determined for the quantification of esterolytic
activity. Subsequently, the pNBEBL was used for a directed evolution campaign to validate

the cBLE-4AAP screening platform. Finally improved pNBEBL variants were purified and
characterized.

3.1. Cloning and expression of pNBEBL

The wildtype (WT) gene pNBEBL was ordered as a fusion protein with the N-terminal leader
sequence pelB. PelB was firstly isolated from Erwinia carotovora as the pectate lyase B with
22 amino acids which is a periplasm destination peptide’®*!, The synthetic gene was
delivered by GeneArt in the vector pMK-RQ. The fusion protein pelB-pNBEBL was subcloned
into the expression vector pET22b(+) containing the T7-bacteriophage system'2. For
restriction EcoRl and Xbal were used, subsequent the ligation was performed with the
T4 DNA ligase and resulted in the construct pET22b(+)-pelB-pNBEBL (Figure 7A). The
construct pET22b(+)-pelB-pNBEBL was digested with Ndel and religated to generate a

construct without the pelB leader sequence (Figure 7B). The successful cloning was
confirmed by sequence analysis.

A B

EcoRl

PNBEBL Amp PNBEBL

~ ~

- s -
6000 1000 soo0 1000

pET22b(+)-pelB-pNBEBL

PET22b(+)-pNBEBL

5000

- 6880 bps  zo0 _

pelB Xbal

Xbal 5000 6949bps om0 __

4000 3000
4 A

Figure 7 Vector map of the generated construct pET22b(+)-pelB-pNBEBL (A) and pET22b(+)-pNBEBL (B). PelB
sequence (green); pNBEBL (blue) and Amp (red).

The final constructs pET22b(+)-pelB-pNBEBL and pET22b(+)-pNBEBL were transformed for
expression in chemically competent E.coli BL21-Gold (DE3) cells, and subsequently
expressed for 4 h at 30°C. The expression level was determined using pET22b(+) empty

vector (EV) as a reference. Protein production was analysed using SDS-PAGE electrophoresis
(Figure 8).
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Figure 8 SDS-PAGE analysis confirmed successful expression of pNBEBL. Enzyme was expressed for 4 h at 30°C.
7.5 ul of cell lysate containing the expressed protein was loaded on the SDS-PAGE. L: ladder in kDa,
1: pET22b(+), 2: pET22b(+)-pNBEBL, 3: pET22b(+})-pelB-pNBEBL (merged). Estimated protein size ~54 kDa.

Figure 8 shows that construct with pelB leader sequence has lower expression level
compared to construct without pelB. Therefore, the construct pET22b(+)-pNBEBL was used
in further experiments.

3.2. Continuous B. licheniformis esterase 4-aminoantipyrine screening system
(cBLE-4AAP)

The 4-aminoantipyrine (4AAP) assay is commonly applied to detect phenols'?

. Here it was
used to develop a novel screening system, a continuous 4-aminoantipyrine assay applied to
B. licheniformis esterase (cBLE-4AAP). The screening system determines esterolytic activity
using phenyl benzoate as a substrate. The phenyl benzoate was identified as a substrate with
higher similarity to PET. Esterase converts phenyl benzoate into phenol and benzoic acid.
Phenol reacts with 4AAP and the released final product 1,5-dimethyl-4-
(4-oxo-cyclohexa-2,5-dienylidenamino)-2-phenyl-1,2-dihydro-pyrazol-3-one which has red
colour and can be monitored spectrophotometrically at 509 nm (Figure 9).
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Figure 9 Principle of cBLE-4AAP screening system. The esterase pNBEBL catalyses the hydrolysis of the
substrate phenyl benzoate to phenol (product) and benzoic acid (by product). The released phenol reacts with
4-aminoantipyrine and the released final product 1,5-dimethyl-4-(4-oxo-cyclohexa-2,5-dienylidenamino)-
2-phenyl-1,2-dihydro-pyrazol-3-one can be spectrophotometrically determined at 509 nm’®. (With kind
permission from Springer Science and Business Media).

3.2.1. Determination of assay parameters

A successful assay development is based on optimization of assay parameters such as low
background, pH optimum, linear detection range, and standard deviation. Besides this, the
first challenge was the solubility of the phenyl benzoate. Schwaneberg et al. showed that

114 Therefore,

nontoxic organic solvents can increase the solubility of hydrophobic substrates
dimethyl sulfoxide (DMSO) and acetonitrile (AcN) were used to dissolve the phenyl
benzoate. Phenyl benzoate dissolved in DMSO showed precipitation which interferes with
the spectrophotometric measurements at 509 nm whereas phenyl benzoate dissolved in
AcN showed no precipitation and was selected as a solvent for phenyl benzoate. Besides the
selection of the organic solvent, the pH range of the assay was determined. Therefore,
phosphate-buffered saline (PBS-buffer) with a pH range from 5.8 to 11.7 was investigated

(Figure 10).
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Figure 10 Esterolytic activity in different pH values applying the cBLE-4AAP screening system. PBS-buffer in a pH
range from 5.8 to 11.7 were used to determine the assay conditions, where the difference in activity between
the supernatant of cell lysate containing pNBEBL WT (3) and EV (m) is high and the standard deviation low. The
reported values are the average of three measurements and deviations are calculated from the corresponding
mean values, modified from’®. (With kind permission from Springer Science and Business Media).

Figure 10 showed that overall the assay is working in a broad pH range from 5.8 to 10.4. At
pH 11.7 the activity of the supernatant of cell lysate containing EV showed a very high
background, whereas pNBEBL WT showed a reduced activity. Considering the signal to noise
ratio (WT/EV) and the standard deviation assay conditions pH 8.5 was selected as optimal
for the cBLE-4AAP detection system. The optimal pH value of 8.5 complements washing
conditions in laundry detergents (liquid detergents).

In addition, the interference of benzoic acid on colour formation in the cBLE-4AAP system
was monitored. In Figure 11 samples containing benzoic acid, 4AAP and pNBEBL WT or EV
lysates or buffer control were compared. Activity values showed no colour formation upon
mixing benzoic acid and 4AAP indicating that the pH shift due to the acid production does
not lead to a spontaneous colour formation. Furthermore, influence of lysate components
was tested on colour formation upon reaction of phenol and 4AAP. Presence of endogenous
compounds in the crude cell extract quenched absorbance signal for ~30 % when phenol,
4AAP, and supernatant of cell lysates are mixed compared to control reaction without lysate.
The observed phenomenon was not studied in detail since there is a significant difference
(27-fold) between colour development coming from pNBEBL WT and pET22b(+) EV (both
measured in the presence of lysate, see Figure 10).
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Figure 11 cBLE-4AAP screening system supplemented with phenol or benzoic acid instead of substrate phenyl
benzoate. The supernatant of cell lysate containing pNBEBL WT (), pET22b(+) EV (m), or buffer control (o) and
4AAP were supplemented with either 1 mM phenol or 1 mM benzoic acid, both were released during
hydrolysis of phenyl benzoate. The reported values are the average of three measurements and the shown
average deviations are calculated from the mean values, modified from’®. (With kind permission from Springer
Science and Business Media).

Furthermore, the correlation between different phenyl benzoate concentrations and the
absorbance values were analysed. The results are shown in Figure 12.
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Figure 12 Continuous cBLE-4AAP screening system at different phenyl benzoate concentrations. The increase in
absorbance at 509 nm is plotted to different phenyl benzoate concentrations (concentration range 0-2500 uM).
The reported values are the average of three measurements and average deviations from the mean values are
shown, modified from”®. (With kind permission from Springer Science and Business Media).

The graph indicates a hyperbolic correlation between the rate of reaction and the
concentration of phenyl benzoate. There is a steep increase in the rate of reaction with
increasing phenyl benzoate concentration. Since the phenyl benzoate concentration used in
the screening system (1000 uM) is 8-fold higher than Ky of pNBEBL WT (125 uM) the
hydrolysis rate of the assay is not limited by the phenyl benzoate amount. Therefore, the
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rate of formation of product depends on the activity of pNBEBL itself, and adding more
phenyl benzoate will not affect the rate of reaction.

In the last step of the screening system characterization the detection limit of the cBLE-4AAP
assay was determined. Therefore, different phenol concentrations were applied to the assay
and the release of 1,5-dimethyl-4-(4-oxo-cyclohexa-2,5-dienylidenamino)-2-phenyl-
1,2-dihydro-pyrazol-3-one was spectrophotometrically monitored at 509 nm (Figure 13).
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Figure 13 Determination of the linear detection limit of the continuous 4AAP assay. Phenol concentrations
from 0 to 1000 uM were used to determine the linear detection range. The reported values are the average of
three measurements and average deviations from the mean values are shown, modified from’®. (With kind
permission from Springer Science and Business Media).

The lower detection limit of the screening system is at 15 uM phenol and the linear
detection range covered a span from 15 uM to 250 uM phenol.
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3.2.2. Thermal resistance of pNBEBL
In the first step a temperature profile for the pNBEBL WT was determined, in order to define

the temperature where pNBEBL WT loses activity. Therefore, supernatant of cell lysate
containing pNBEBL WT was incubated for 30 min at respective temperatures ranging from
30°C to 75°C. Subsequently, the lysate was cooled on ice and the activity measurement with
the cBLE-4AAP screening system was performed at RT (2.2.9) (Figure 14).

40 -

Residual activity [%]

0 [ e | ew | em | b ﬁ_'_lilL'_liEll_'_DE‘_'_él_\
30.1 36.0 41.2 46.3 50.3 55.3 61.0 66.2 71.1 75.0
Incubation for thermal resistance [°C]

Figure 14 Determination of the temperature for thermal resistance screening. The cell lysate containing
pNBEBL WT (m) and pET22b(+) EV (m) were incubated for 30 min in a temperature range from 30°C to 75°C. The
reported values are the average of three measurements and average deviations from the mean values are
shown, modified from’®. (With kind permission from Springer Science and Business Media).

For calculating the residual activity, the activity at 30.1°C was set to 100 %. Residual activities
for elevated temperatures were calculated by dividing activity value at specific incubation
temperature with activity value at 30.1°C and respective percentage was shown in Figure 14.
In the temperature range from 30 to 50°C no loss in pNBEBL activity was detected. Further
increase in temperature causes drop in enzyme activity to ~50 % (at 55°C) and at incubation
temperatures above 60°C (61.0°C to 75.0°C) the pNBEBL can be considered as inactive.

3.2.3. Standard deviation of the cBLE-4AAP screening system
After determining the final assay conditions (4 h expression at 30°C, cell disruption in

150 ul PBS pH 7.4, incubation of 50 pl supernatant of cell lysate containing pNBEBL WT
at 55°C or RT, 5 min cooling on ice, 160 pl PBS pH 8.5, 20 ul incubated supernatant of cell
lysate containing pNBEBL, 50 ul detection solution, 20 ul substrate solution with a final AcN
concentration of 1%, measured at 509 nm) the standard deviation in 96-well format was
determined at RT and 55°C (Figure 15).
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Figure 15 Determination of standard deviation of cBLE-4AAP screening system in 96-well MTP format. Activity
values of pNBEBL WTs are shown in descending order at two temperatures (RT (o), 55°C (¢)). pNBEBL WT was
expressed in 90-wells (six wells with pET22b(+) EV). Supernatant of cell lysates harbouring the expressed
PNBEBL WT were used to determine the standard deviation in the cBLE-4AAP screening system (5 % at RT,
10 % at 55°C), modified from’®. (With kind permission from Springer Science and Business Media).

The standard deviation of the cBLE-4AAP assay in the 96-well MTPs was optimized to 5 % at
RT and to 10 % at 55°C. Thereby, the established assay can be used for a directed evolution

campaign where screening systems with standard deviation ~10% are routinely
employed'®.

3.3. Directed evolution campaign

After a successful optimization and establishment of the novel ¢cBLE-4AAP screening system,
a directed evolution campaign was performed using a pNBEBL mutant library in order to
validate the proposed screening system. In Figure 16 the strategy of the directed evolution
campaign is represented.

,}'%q“.f ) 1) Library generation
g - -

AP 8 g

"ﬁ.% % epPCRor SSM
5) Rescreening and

Sequence analysis

(]
G i A 2) Prescreening
4]
4) Screening for . .
thermal resistance Tributyrin plate

CBLE-4AAP assay, f::‘ d RT — 3) Incubation
Bl

Figure 16 Strategy for the directed evolution campaign of pNBEBL. 1) library generation by epPCR or site
saturation mutagenesis, 2) prescreening of active pNBEBL variants on tributyrin agar plates, 3) incubation of
supernatant of cell lysate containing pNBEBL at RT or 55°C, 4) screening for thermal resistance by using the
before incubated supernatant of cell lysate for assay performance at RT, 5) rescreening of improved thermal

resistance variants and subsequent sequence analysis, modified from’®, (With kind permission from Springer
Science and Business Media).
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In the first step of the directed evolution campaign a random mutant library was generated
by epPCR (Step 1). The received plasmid DNA was transformed in chemically competent
E. coli BL21-Gold (DE3) and grown for prescreening on tributyrin plates (Step 2). Active
variants showing halo formation were transferred into MTPs for expression. Supernatant of
ell lysate containing pNBEBL were incubated for 30 min at 55°C or RT (Step 3). Subsequently,
the residual activity of the supernatant of cell lysate containing pNBEBL was determined by
the cBLE-4AAP screening system and the ratio of activity (activityss-c/activityrr) was
calculated to eliminate expression mutants (Step 4). Identified variants were rescreened and
afterwards sequence analysed to determine the amino acid exchanges occurring in improved
variants (Step 5).

3.3.1. Generation and screening of epPCR library
The random mutagenesis library was generated by the standard epPCR" and cloned using

PLICing® (2.2.2). The mutational frequency in epPCR pNBEBL mutant library was tuned by
varying concentrations of MnCl, and the percentage of active and inactive mutants in the
library was analysed using cBLE-4AAP screening system (Table 14).

Table 14 Ratio of activity of pNBEBL variants after mutangenic epPCR with different MnCl, concentrations. For
each concentration one MTP was analysed by the cBLE-4AAP screening system.

MnCl, [mM] 0.00 0.04 0.08 0.10 0.15

Active clones [%] >99 42 40 29 6

The concentration of Mn?" (0.04 mM) at which ratio of active vs. inactive clones was
approximately 50 % (42 %) was selected for generation of epPCR library. The ratio of 50 %
active vs. inactive clones is an internal standard value for generation of epPCR libraries (one

or two amino acid substitutions per round of mutagenesis and screening)**.

For the final library generation prescreening was performed on tributyrin agar plates to
select only active pNBEBL variants for an efficient screening in MTPs (2.2.4). After cell
disruption of the expressed pNBEBL variants, supernatant of cell lysate containing the
expressed protein was incubated at 55°C for 30 min, cooled on ice and absorbance increase
per min was measured at RT (2.2.9). In total, 2000 variants were screened. Sequence
analysis revealed mutational hotspots at amino acid positions Glu298, Ala377 and Ser378.
For calculating the relative activity the residual activity (defined as the ratio of activity after
incubation at 55°C and RT) of variants was divided by WT residual activity. The three
identified variants showed an increase in relative activity of 2.7-fold (P5C8: His103His,
Asp222Asn, Glu298Gly), 3.1-fold (P13C: Aspl150Gly, Ser378Pro), and 3.3-fold
(P9G4: Met357Val, Ala377Ala) (Table 15).
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Table 15 Sequence analysis of improved thermal resistance pNBEBL variants (silent mutations are shown in
grey). The relative activity (%) was calculated for pNBEBL WT and each variant.

Variant Amino acid exchange Relative activity* [%]
pNBEBL 100

P5C8 His103His, Asp222Asn, Glu298Gly 276

PO9G4 Met357Val, Ala377Ala 334

P13C6 Asp150Gly, Ser378Pro 312

*Relative activity is calculated as the ratio of residual activity of variants divided by WT residual activity.
Relative activity of WT was set to 100 %, and relative activities of other three variants were transferred to
percentages. Residual activity is defined as the ratio of activity after incubation at 55°C and RT.

3.3.2. Site-saturation mutagenesis and site-directed mutagenesis at mutational hotspots
The homology model showed that three of the identified amino acid positions are in close

proximity and interact with each other. In order to explore cooperative effect all three
positions (298, 377, and 378) were simultaneously saturated. Therefore, the site-saturation
mutagenesis (SSM) method was used to generate one library in two subsequent rounds (298
on top of library 377 and 378) (2.2.3). After screening for thermal resistance 990 active
clones and rescreening of 15 most promising variants, the variant T1 having 4.8-fold increase
in residual activity at 55°C compared to wildtype was identified (Figure 17).

0.07 ~
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Increase in Abs,,, [1/min]

pNBEBL WT T1 (Ala377Met, Ser378Pro)

Figure 17 Rescreening and sequence analysis of SSM library (298, 377, and 378) screening for thermal
resistance. The supernatant of cell lysate containing pNBEBL WT and variant T1 were incubated for 30 min at
RT (m) or 55°C (=) and subsequent cooled on ice for later analysed with the cBLE-4AAP screening system. The
reported values are the average of three measurements and average deviations from the mean values are
shown, modified from’®. (With kind permission from Springer Science and Business Media).

The sequencing analysis of T1 revealed amino acid exchanges Ala377Met and Ser378Pro
while at position 298 Glu silent mutation occurred. In order to elucidate the individual
impact of each amino acid substitution (377, 378) site-directed mutagenesis (SDM)
experiments were performed to achieve the pNBEBL variants T2 (Ala377Met) and
T3 (Ser378Pro) (2.2.3). The scheme of the mutants generation is shown in Figure 18.
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Figure 18 Scheme of the identified and generated pNBEBL variants. epPCR was used to introduce mutations
and the mutational hotspots 298, 377 and 378 were combined in one SSM library. Subsequent SDM was done
to introduce single amino acid exchanges to generate variant T2 and T3. Silent mutations are shown in grey.

All generated variants (T1, T2, and T3) as well as pNBEBL WT were expressed and the
supernatant of cell lysate containing the expressed protein was used for determining a
temperature profile (temperature range from 41.7°C to 60.1°C). The supernatant of cell
lysate containing the expressed protein was incubated for 30 min and afterwards cooled for
5 min on ice. Subsequently, the activity was analysed by the ¢cBLE-4AAP detection system. In
Table 16 the ratio of activity is shown, and the pNBEBL WT activity after incubation at 41.7°C
was set to 100 %.

Table 16 Activity comparison of improved pNBEBL variants with pNBEBL WT after screening for thermal
resistance. The supernatant of cell lysate containing pNBEBL WT and pNBEBL variants T1 (Ala377Met,
Ser378Pro), T2 (Ala377Met), and T3 (Ser378Pro) were incubated at defined temperatures and activity with
cBLE-4AAP was determined at RT. The shown relative activity (%) is the activity ratio of improved variant and
WT.

Temperature [°C]
Variant 41.7 45.8 51.1 53.8 56.2 58.1 60.1
pNBEBL WT 100.0 95.2 97.0 75.6 9.4 1.8 1.8
T1 (Ala377Met, Ser378Pro) 121.8 118.5 112.8 116.2 109.0 61.7 24.2
T2 (Ala377Met) 109.3 109.2 67.9 335 11.2 5.0 3.5
T3 (Ser378Pro} 115.7 117.7 110.4 112.8 105.3 77.6 50.7

The activity of pNBEBL WT showed significant decrease in activity of almost 90 % upon
incubation at 56.2°C (100 % at 41.7°C to 9.4 % at 56.2°C). The relative activities of variants T1
and T3 showed no dramatically changed activity values till 56.2°C with approx. 50 %
reduction in activity at temperature higher than 56.2°C. Variant T2 showed a similar
behaviour as pNBEBL WT and lost its activity dramatically at incubation temperature of
56.2°C. The above shown results indicate that amino acid substitution at position Ala377Met
does not govern increase in thermal resistance. Only the single substitution Ser378Pro was
identified to have an impact on the thermal resistance increase. Further analyses were
performed with purified variants to confirm data obtained in crude cell extract.
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3.4. Characterization of improved variants

3.4.1. Purification by anion exchange chromatography of pNBEBL WT and variants T1, T2,
and T3
Three esterase variants having increased thermal resistance (T1, T2, and T3) and pNBEBL WT

were purified for further kinetic characterization. Purification enables the possibility to
remove impurities like unspecific proteins and eliminate differences in expression levels
among different esterase variants. The purification was done using an anion exchange
chromatography where the esterase (pl ~4.7) binds to the positive charged matrix. Prior to
the application of the sample to the anion exchange column E. coli cells expressing pNBEBL
WT and variants T1, T2 and T3 were sonicated and filtered supernatant was loaded on the
Toyopearl Super Q 650c column pre equilibrated with running buffer (2.2.6). The pNBEBL
was recovered at 19 % of elution buffer and fractions were analysed on a SDS-PAGE
(Figure 19, Figure 20).
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Figure 19 Anion exchange chromatography profile of pNBEBL WT. The peak marked with an arrow represents
the eluted fractions with esterolytic activity observed at 19 % 1 M NaCl. The concentration (green) is measured
before the column, whereas the conductivity (red) is measured after the column. The column volume is ~20 ml.
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Figure 20 SDS-PAGE analysis of the pNBEBL anion exchange purification. L: ladder in kDa, Lysate: cell lysate
containing expressed protein, which was loaded on the column for purification, collected fractions: pure
proteins with the corresponding size, which was eluted with 19 % NaCl.

Fractions showing esterolytic activity were pooled and concentrated. Subsequently, the
homogeneity was analysed by capillary electrophoresis (Experion Pro260 Analysis Kit)
(Figure 21).
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Figure 21 ExperionwI analysis of purified pNBEBL WT and variants T1, T2, and T3. Samples were prepared as
described in the manufactures protocol and analysed in duplicate. L: ladder in kDa; 1, 2: pNBEBL WT (dilution
1:20); 3, 4: T1 (dilution 1:20); 5, 6: T2 (dilution 1:10); 7, 8: T3 (dilution 1:10).

The obtained purity of the purified pNBEBL WT and variants was >98 %. The total protein
concentration was calculated using the BCA assay (Pierce’™ BCA protein assay kit). Both
results combined revealed in the specific protein concentration shown in Table 17.
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Table 17 The specific protein concentration was calculated after purification, homogeneity and total protein
concentration determination. The results for pNBEBL WT and all variants are shown.

Variant Specific concentration [mg/ml]
PNBEBL WT 3.1
T1 (Ala377Met, Ser378Pro) 4.5
T2 (Ala377Met) 1.2
T3 (Ser378Pro) 19

3.4.2. Characterization of purified variants for thermal resistance
Temperature profile of pPNBEBL WT and its variants was determined in a temperature range

from 50.3°C to 75.9°C. Upon incubation at different temperatures pNBEBL WT and the
variants were cooled on ice and the residual activity was measured at RT with the cBLE-4AAP
detection system (2.2.10). The specific activity of each variant is shown in Figure 22.
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Specific activity [U/mg]
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Incubation for thermal resistance activity [°C]

Figure 22 Specific activity (U/mg) of all generated variants. Purified enzyme (pNBEBL WT (@), T1 (Ala377Met,
Ser378Pro, m), T2 (Ala377Met, m), T3 (Ser378Pro, o)) was incubated for 30 min at broad temperature range from
50.3 to 75.9°C. The activity was determined at room temperature by applying the cBLE-4AAP detection system.
The reported values are the average of three measurements and average deviations from the mean values are
shown. One Unit was defined as the amount of esterase that catalyses the conversion of 1 nmol phenyl
benzoate per minute, modified from’®. (With kind permission from Springer Science and Business Media).

After incubation at 50.3°C pNBEBL WT showed a residual activity of 835 U/mg, though it
showed a significant decrease in residual activity after incubation at temperatures >58.3°C
(£351 U/mg). A similar behavior as pNBEBL WT was shown for variant T2 having a significant
decrease in residual activity (50.3°C: 829 U/mg; 58.3°C: 284 U/mg). The specific activity of
variants T1 and T3 remained constant over the assessed temperature range (50.3-75.9°C).
The residual activity of variant T3 is at 69.4°C was 4.7-fold improved (WT: 170 U/mg.
T3:804 U/mg) compared to the WT. Additionally, the specific activity of pNBEBL WT and the
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variant T3 was measured at RT, showing no loss in initial activity at RT
(PNBEBL WT: 863.16 U/mg; T3: 831.03 U/mg). All variants and pNBEBL WT showed a slightly
increased activity at 75.9°C compared to 69.4°C, but as shown in 3.4.3 it is not caused by
refolding. Only the single mutation at position Ser378Pro showed to be responsible for the
improved thermal resistance. In order to study and obtained better understanding of
structural changes in protein upon Ser378Pro substitution a homology model of the variant
T3 was generated for further computational analysis.

The homology model of pNBEBL WT was generated by YASARA and showed a structural
similarity of 77.4 % to the p-nitrobenzyl esterase from B. subtilis (PDB 1CFl) and a sequence

identity of 60.8 %. Variant T3 was compared with the WT regarding changes in the structure
75, 106

and hydrogen bond formation (Figure 23)
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Figure 23 Energy minimization of pNBEBL WT and amino acid exchange Ser378Pro. A: pNBEBL WT with the
catalytic triad Ser188, His400 and Glu309 in blue. B and C were predicted with YASARA and the FoldX plugin,
the hydrogen bonds were displayed in red segmented lines. B: Amino acid Ser378 forms two hydrogen bonds
with Asn300, and one with Asp455. C: Substitution of amino acid Ser378 by Pro forms only one hydrogen bond
with Asn300, the hydrogen bond with Asp455 still exists.

Figure 23 shows the homology model of pNBEBL WT with the catalytic triad Ser188, His400
and Glu309 in blue and the amino acid Ser378 and their surrounding amino acids Asn300,
Phe380 and Asp455 highlighted in light blue. Hydrogen bond is formed between Ser378 and
Asn300 with a distance of 2.32 A in WT. The FoldX analysis of Pro378 showed the absence of
this hydrogen bond due to missing hydrogens in Pro. Additionally, calculated distances
between Asn300 Ca to Pro378 Ca of 5.25 A and for Pro378 Ca to Asp455 Ca of 7.26 A
confirms absence of hydrogen bonds. On the other hand, the WT shows shorter distances
Asn300 Ca to Ser378 Ca of 5.19 A and for Ser378 Ca to Asp455 Ca of 6.67 A which enable
formation of hydrogen bond.
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3.4.3. Differential scanning calorimetry of pPNBEBL WT and variant T3

In order to examine whether the increased resistance in variant T3 is due to enzyme stability
or faster refolding differential scanning calorimetry (DSC) experiment was performed with
pNBEBL WT and variant T3. The pure protein was analyzed against PBS buffer as reference
with the following method: heating from 25 to 70°C with a heating rate of 10°C/min (2.2.12)
(Figure 24).
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Figure 24 Differential scanning calorimetry of pNBEBL WT () and variant T3 (**). The samples were measured by

heating from 25°C to 70°C with a heating rate of 10°C/min. The reported values are the average of three
measurements’®. (With kind permission from Springer Science and Business Media).

In Figure 24 the diagram of the released enthalpy over the temperature range from
40°C to 70°C is shown. The results were plotted as a curve of heat flow versus temperature.

The area under the peak (mJ) was multiplied with the calorimetric constant, which varies for

each instrument and enthalpy AH was obtained. The released enthalpy increased form
18.3 kl/g for pNBEBL WT to 36.3 kl/g for the variant T3. In addition, DSC measurements

revealed a temperature shift of 1.1°C in the optimum values (pNBEBL WT: 60.0°C;
T3:61.1°C).
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4. Discussion
High throughput screening systems play a pivotal role in isolating new enzymes as well as in

improving existing enzymes regarding specific industrial requirements (e.g. thermal
resistance). The until now existing and well established continuous screening systems based
on p-nitrophenyl- (e.g. p-nitrophenyl acetate) or umbelliferyl-esters are commonly used in
directed esterase evolution campaigns. However, aliphatic esters like p-nitrophenyl-based
substrates cannot represent the complexity of a substrate like polyethylene terephthalate
which is based on aromatic structures. Therefore, ongoing challenge in directed evolution
campaigns of esterases is the establishment of screening systems with a broad substrate
spectrum. For the first time a continuous high throughput screening system in 96-well
microtiter plate (MTP) format based on the hydrolysis of aromatic esters (phenyl benzoate)
is reported for a directed esterase evolution.

Within the cBLE-4AAP assay the esterase pNBEBL catalysed the hydrolysis of phenyl
benzoate. Thereby, the intermediate products benzoic acid and phenol are released. In the
following reaction the produced phenol reacts with 4-aminoantipyrine (4APP) to
1,5-dimethyl-4-(4-oxo-cyclohexa-2,5-dienylidenamino)-2-phenyl-1,2-dihydro-pyrazol-3-one.
The reaction can be monitored spectrophotometrically at 509 nm. The continuous
cBLE-4AAP assay allows for the first time the detection of esterase activity of phenol
production and could offer the opportunity to enlarge the substrate spectra to complex
aromatic substrates with non-substituted para-positions'®. Furthermore key performance
parameters of the cBLE-4AAP screening system were evaluated, which are necessary for a
robust and reliable high throughput screening system. Thereby, low standard deviation
(<14 % at 55°C; and 5% at RT), high sensitivity (15 uM), minimal background, broad pH
profile (7.4-10.4), and linear detection range of phenol (15-250 uM) were achieved.

For the validation of the cBLE-4AAP screening system a single round of directed evolution
was performed improving the residual activity of pNBEBL after a thermal denaturation step.
Thermal resistance corresponds well to storage and process stability, which are key
parameters for the use of enzymes in industrial processes. The directed evolution campaign
revealed the variant T1 (Ala377Met, Ser378Pro), which showed an increased residual activity
after incubation at 55°C compared with pNBEBL WT. The effect of the individual contribution
of each amino acid substitution was investigated by generating the variants T2 (Ala377Met)
and T3 (Ser378Pro). After final characterization of all variants only amino acid substitution
Ser378Pro (T3) increased the thermal resistance, resulting in a 4.7-fold improved residual
activity after incubation at 69.4°C compared to WT (170 U/mg to 804 U/mg). Surprisingly the
improvement was caused by only one single substitution. However, this enormous increase
in thermal resistance was not obvious during differential scanning calorimetry (DSC).
Thereby, only a slightly higher thermal stability for variant T3 compared to pNBEBL WT was
determined, and no peak was detected in the cooling cycle from 70°C to 4°C, indicating no
obvious refolding of the protein. A refolding contribution cannot be excluded by DSC
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measurements, because activity measurement for thermal resistance screening was done at
room temperature instead of elevated temperature.

The increase in Ty obtained by DSC measurements of 1.1°C is similar to the one found in a
directed esterase (p-nitrobenzyl esterase from B. subtilis) evolution with p-nitrophenyl-ester
based screening system (0.9°C)*. The influence on entropy was reported for prolines, which

18 Furthermore, it was reported

have a stabilizing effect on the secondary protein structure
that 26 % of all prolines are located in B-sheets and were followed by a valine'*’. The visual
inspection by homology modeling showed that the amino acid substitution Ser378Pro
behaves like the prolines in the review article. It is the first amino acid of a B-sheet followed

by valine and therefore matching with the above mentioned results.

As a conclusion, the development of the novel continuous esterase assay offers the
possibility to screen large libraries with PET mimicking substrates. The identified and
optimized esterase variants are a milestone for the implementation of esterases for PET
degradation, since elevated temperatures lead to more flexible and solvent exposed
polymer chains. The reported increased temperature resistance of an esterase of about 15°C
could allow a greener and more energy saving process compared to established chemical
and mechanical methods.

The novel cBLE-4AAP screening system is the first continuous screening system with a
PET-like model substrate which is not like the p-nitrophenyl based substrates. The
functionality of the assay was proven by the identification of a 4.7-fold improved variant.
Therefore, a first milestone was achieved to tackle the global PET degradation challenge by
directed evolution.
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Part lll: Exploring novel strategies - A flow cytometry-based screening system
developed on the example of an esterase

The principle of this work was developed by Christian Pitzler (PhD candidate, RWTH Aachen,
Institute of Biotechnology). In cooperation with Christian Pitzler the technology was
advanced and transferred to other hydrolases, the work was equally distributed and
accomplished. Parts of this chapter were published by the authors in the journal of
ChemComm. Reproduced by permission of The Royal Society of Chemistry.

“Lulsdorf N.*, Pitzler C.", Biggel M., Martinez R., Vojcic L. and Schwaneberg U. (2015) A flow
cytometer-based whole cell screening toolbox for directed hydrolase evolution through
fluorescent hydrogels. ChemComm, 51, 8679-8682"

“shared first authorship

Goals and main results

In this part of the thesis the further advancements of a high throughput screening system
based on flow cytometry which overcomes the limitation of medium throughput screening
systems is described. Previously published principle of Fur-Shell technology on directed
phytase evolution as model was further advanced by employing three additional hydrolase

18 As outcome, improved hydrolases were identified with

and screening of epPCR libraries
improvement ranging from 1.3-7.0-folds. Esterase variant showed highest catalytic activity
(7.1-fold higher k) and 2-fold reduced Ky, compared to WT enzyme. The presented
Fur-Shell technology showed a potential to be used as universal screening platform for

hydrolases.

1. Introduction

Tailored enzymes e.g. generated within a directed evolution approach which are screened
with standard methods like MTPs provide a throughput of only up to 10* variants per day*.
This limitation can be overcome by the use of high or ultra-high throughput screening

28,120 The main

systems where more than 10’ enzyme variants can be screened per one hour
advantage compared to MTP-based screening systems is to cover more of the generated
sequence space. Reliable high throughput screening systems are reported for

28 121 compartmentalization techniques e.g.

microfluidic-based systems or flow cytometry
double emulsions (water-in oil-in water) are applied for providing genotype-phenotype
linkage in case a gene library is expressed cell free or the product readily diffuses through
the cell membrane. Despite the extremely high throughput and high sensitivity the
compartmentalization techniques are still rarely used in directed evolution campaignsm.
Main reasons are the stability of the compartment systems, polydispersity of emulsions and

the diffusion of the fluorescent substrate or product from the compartments in the
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123-125

surrounding . Whole cell-based screening systems can overcome this limitation when a

substrate is applied which can diffuse inside the cells and remain entrapped upon conversion

30, 32, 126-127

into fluorescent product . The latter was successfully applied in directed evolution

campaigns for three different enzymes (P450 monooxygenase, N-acetylgalactosaminidase,

30, 32, 127

protease) . Nevertheless, an establishment of flow cytometer-based screening in

directed evolution campaigns requires novel, general applicable screening systems.

In previous studies, fluorescent-labelled hydrogels were applied in eight-well strip plate
format for antigen detection representing a new fluorescent based-screening technology*®.
The properties of the hydrogel as high water content, softness and biocompatibility makes it

interesting for further industrial application e.g. drug delivery™>***!

. A further improvement
in flow cytometer-based screening systems could be a fluorescent-labelled hydrogel, which
is covalently bound around cells expressing active enzymes. Recently, in our group
fluorescent-labelled hydrogels were combined with whole cell screening system leading in a
new technology called Fur-Shell. A proof of concept for the novel screening principle
Fur-Shell based on fluorescent hydrogel formation around E. coli cells with a phytase as an
example (Yersinia mollaretii phytase, YmPh) was recently reported''®. The Fur-Shell
technology enables the possibility to screen with natural substrates in case a cellulolytic is
used. Fur-Shell overcomes all named limitations of compartmentalization and leakage of
fluorescent substrate or product, as the fluorescence signal is connected to the cells

expressing active enzyme through the hydrogel**®.

In this work, the published screening technology Fur-Shell was advanced by applying it to
three additional hydrolases (i.e. esterase, cellulase, and lipase). Further development and
validation of screening platform was done by screening a epPCR library of a pNBEBL esterase
and identification of improved variants by using B-D-(+)-glucose pentaacetate as B-D-glucose
donor substrate.
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2. Material and methods

2.1. Material

See Part Il section 2.1 with the exception of Methacryloxyethylthiocarbamoyl-rhodamine B
(PolyFluor® 570), which was purchased from Polysciences Inc. The Tecan Infinite M1000 Pro
(Tecan Group AG, Mannedorf, Switzerland) was used for detection of fluorescence.

For the used target gene, strains and plasmids, oligonucleotides and cell culture methods see
Part Il section 2.1.1 until 2.1.4, as well as Table 5 and Table 6.

2.2. Methods
For expression in flasks and purification by anion exchange chromatography see Part Il

section 2.2.6. The growth conditions and expression in 96-well microtiter plate are explained
in Part Il section 2.2.5. For homology model analysis by YASARA see Part |l section 2.2.11.

2.2.1. Construction of mutagenesis epPCR by PLICing
Cloning was done like mentioned in Part Il section 2.2.1, for the PCR protocol and program

see Part Il section 2.2.2, Table 11 and Table 12.

The MnCl, concentration was varied between 0.1 and 0.3 mM, the optimal concentration
regarding mutagenesis frequency and hydrogen formation (2.2.2) was analysed by flow
cytometry and cell sorting (2.2.4) as well as sequence analysis.

2.2.2. Hydrogel formation
E.coli BL21-Gold (DE3) cells containing pET22b(+)-pelB-oNBEBL were grown

(ON, 37°C, 250 rpm). For inoculation of the main culture (20 ml LB-medium supplemented
with Amp) 1 % of the overnight culture was used. E. coli cells were induced at an ODggg of 0.6
with 0.1 mM IPTG and expressed (4 h, 30°C, 250 rpm). Afterwards E. coli cells were
harvested by centrifugation (10 min, 4°C, 3220 g). The obtained cell pellet was washed two
times (10 min, 4°C, 3220g) in 10 ml PBS (137 mM NaCl, 2.7 mM KCI, 10 mM Na,HPOQq,,
2 mM KH,POq4, pH 6). Subsequently, cell density was adjusted to an ODgoo of 2 with PBS. For
the hydrogel formation 960 ul of E. coli cells containing the expressed pNBEBL were
incubated (10 min) with 24.8 % PEGs;s-DA, 2.5 % 1-vinyl-2-pyrrolidone, 20 pl (0.5 % stock
concentration) PolyFluor® 570, 2 ul (25 uM stock concentration) Fe,SO4*7H,0 dissolved in
ddH,0, 200 ul (200 mM stock concentration) B-D-(+)-glucose pentaacetate dissolved in
ddH,0, and 2 ul glucose oxidase (GOx) type Il dissolved in PBS pH 6.0 (1.58 mM stock
concentration) in a total reaction volume of 1.5 ml. Hydrogel formation was stopped by
three times washing (1 min, 11363 g) with 1 ml PBS pH 6.0. Finally the prepared samples
were used for confocal microscopy (2.2.3) and flow cytometry analyses (2.2.4).

2.2.3. Confocal microscopy analysis
Hydrogel formation was analysed by confocal microscopy (Leica TCS SP8, Leica

Microsystems) using 63x oil immersion objective. For excitation a continuous wave laser
(DPSS, 20 mW: 561 nm) was used and for emission (570 nm) a highly sensitive prism spectral
detector filter. E. coli cells containing an EV were analysed first in order to set the gain to a
minimal signal (530).
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2.2.4. Flow cytometry analysis and cell sorting

Flow cytometry was carried out using a BD Influx cell sorter (BD Biosciences) with an
installed 100 mm nozzle. PBS pH 7.5 (1.05 mM KH,PO4, 3 mM Na,HPO,4, and 155 mM NacCl)
was used as sheath fluid and for a 1:10 sample dilution. Samples were additionally filtered
with 0.4 uM filter. Stream of events was adjusted to 5000 events s, to reach a throughput
of 1.8x107 per h. Active events were sorted regarding forward and side scatter and to its

fluorescence intensity (Ex. 561 nm/Em. 585 nm) and collected 118

. After sorting plasmids
were recovered by centrifugation (1 min, 11363 g) and subsequent plasmid isolation. The
obtained plasmids were transformed into competent E. coli BI21-Gold (DE3) cells and plated
on LB-agar plates supplemented with Amp. Colonies were transferred in a MTP for

expression.

2.2.5. Fluorometric screening system with Amplite™
For detection of esterolytic activity the Amplite™ Red Kit (AAT Bioquest, Sunnyvale, USA)

was applied. This assay detects glucose, by formation of a highly fluorescent product
(Ex. 540 nm, Em. 590 nm). By oxidation of B-D-glucose due to GOx, hydrogenperoxide is
released and activates horse radish peroxidase (HRP), which activates a sensitive fluorogenic
substrate and subsequently the detected product is generated. MTP format was used to
determine the activity of 25 pl supernatant of cell lysate containing the expressed pNBEBL.
Subsequently, 25 ul of B-D-(+)-glucose pentaacetate (stock concentration 60 mM) was added
and the reaction was started with 25 pl mastermix (430 pl assay buffer, 10 pul HRP, 10 ul GOx
and 2 pl Amplite™). The conversion of the fluorescent substrate was followed at Ex. 540 nm,
Em. 590 nm in a microtiter plate reader.

2.2.6. Michaelis-Menten kinetic of purified protein
The final characterization of the identified pNBEBL variants was done with purified enzyme

(Part Il 2.2.6). Therefore, 25 ul of 0.4 pug/ul pure protein (total amount 10 ug) was used for
Michaelis-Menten kinetic. Subsequently, 25 pl of B-D-(+)-glucose pentaacetate in varied
concentrations (0-50 mM in ddH,0) and 25 pl Amplite mastermix (2.2.5) were supplemented
to start the reaction. The conversion of the fluorescent substrate was monitored at
540 nm/590 nm in a microtiter plate reader. The product formation rates were calculated
using a standard curve obtained by measuring fluorescence values of a D-glucose dilution
series (0-10 mM in ddH,0). The determination of enzyme kinetics was performed with
Prism 6 software (GraphPad) using a Michaelis-Menten kinetic derivation. One unit of
pNBEBL catalysed the conversion of 1 mmol B-D-(+)-glucose pentaacetate per second.



Part Ill: Results I 42

3. Results
In the first part of this chapter a high throughput screening system based on Fur-Shell

technology platform was established for pNBEBL in order to generate a reliable prescreening
system. In the second part the assay was validated by prescreening a mutagenesis library,
which was afterwards analysed in a MTP format regarding improved activity. Finally
improved variants were characterized regarding kinetic constants (k.q, and Ky).

3.1. Development of an in vivo flow cytometry screening system
The Fur-Shell technology developed firstly for a phytase was advanced for an esterase.

Thereby several steps in the technology had to be optimized i.e. expression vector,
substrate, cell recovery and MTP screening system. Figure 25 shows a schematic overview of
the advanced Fur-Shell technology for the esterase. The library was generated by epPCR and
the insert and vector fragments were cloned by PLICing. Subsequently the mutant library
was transformed in E. coli cells (Step1)®®. In Step Il the substrate PB-D-(+)-glucose
pentaacetate is converted by pNBEBL into B-D-glucose. Finally the three monomers were
polymerized to a fluorescent hydrogel. The fluorescent hydrogel shell surrounds E. coli cells
expressing active enzyme variants and can be analysed and sorted by flow cytometer at
rates of around 5000 events per second (Step Ill). The plasmid of the sorted E. coli cells
expressing active esterase was isolated in Step IV to overcome the low cell survival rate of
E. coli cells (<8 %) to rescue mutated genes that encoded improved hydrolase variants in
non-viable E. coli cells'*®. Isolated plasmids are subsequently transformed into E. coli cells
and screened in 96-well MTP format with the Amplite™ screening system.
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Figure 25 Flow cytometer-based sorting principle in four Steps of the Fur-Shell toolbox for pNBEBL. Step I:

Library generation by epPCR and subsequent cloning by PLICing and transformation, Step Il: E. coli cells
producing pNBEBL variants are incubated with B-D-(+)-glucose pentaacetate, glucose oxidase and fluorescent
labelled monomers (PolyFluor® 570). Cells expressing active enzyme variants (+) were surrounded by a
fluorescent hydrogel which allows in Step Il analysis and sorting (enrichment) by flow cytometer. Finally the
E. coli cells are used for plasmid isolation and transformation (Step IV), followed by transferring clones into
MTPs for final screening, modified from'?. (Reproduced by permission of The Royal Society of Chemistry).

3.1.1. Fluorescent labelling reaction

Pitzler et al. developed a whole cell screening system which was optimized for a phytase

118

performance . For the transfer of this protocol an adaptation regarding esterase substrate

selection was necessary. Therefore, B-D-(+)-glucose pentaacetate was used, which has the
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required ester bond and upon esterase catalysed cleavage donates B-D-glucose (Figure 26)
(2.2.2). The glucose oxidase (GOx) catalyzed the conversion of B-D-glucose into
D-glucono-6-lactone™®. Thereby, H,0, is released and subsequent converted in a Fentons
reaction into a hydroxyl radical which initiates the polymerisation reaction of the three
monomers poly(ethylene glycol)-diacrylate (PEG), 1-vinyl-2-pyrrolidinone and the
fluorescent labelled PolyFluor® 570 on the surface of the E. coli cells*® 2. The produced
polymer formes a layer around the E. coli cells and the fluorescence can be detected due to

the integrated PolyFluor® 570.

A OAc

PNBEBL +H,0,, Fe?*
‘OH

- HOAc

OAc

B-D-(+)-glucose pentaacetate B-D-glucose D-glucono-8-lactone Hydroxyl
radical

.-
Q
OH+ /A"/{’O\ﬁ\o)jv/ + N +
! 575 .

Hydroxyl Poly(ethylene glycol)- 1-Vinyl- PolyFluor® 570 Fluorescent hydrogel
radical diacrylate 2-pyrrolidinone

Figure 26 Reaction schema of Fur-Shell technology. A: pNBEBL hydrolysed the substrate B-D-(+)-glucose
pentaacetate into 3-D-glucose and acetic acid. B-D-glucose and molecular oxygen are converted by glucose
oxidase (GOx) to D-glucono-&-lactone and in a Fenton reaction a hydroxyl radical is released. B: The hydroxyl
radical starts the polymerization reaction of three different monomers leading to a fluorescent hydrogel,
modified from™.

3.1.2. Flow cytometry analysis
The first flow cytometer analysis was done to determine the necessity of the pelB leader

sequence. The pelB leader sequence leads to a periplasmic expression of the encoded
protein, which can have a positive influence on the hydrogel formation around the E. coli
cells. Therefore, E. coli cells expressing pET22b(+)-pNBEBL were compared with E. coli cells
expressing pET22b(+)-pelB-pNBEBL in order to elucidate the influence of pelB regarding the
intensity of fluorescent signal. Figure 27 shows the flow cytometry plots with fluorescent
siganl versus forward scatter.
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Figure 27 Flow cytometry plots of Fur-Shell labelled cells. Fur-Shell reaction was performed with
E. coli BL21-Gold (DE3) cells harbouring pET22b(+) (A), expressing pET22b(+)-pNBEBL (B), or expressing
pPET22b(+)-pelB-pNBEBL (C). The forward scatter (FSC) was analysed versus the fluorescent signal (Ex. 561 nm,
Em. 585 nm, filter +/- 29 nm). Events in gate P1 were fluorescent events with a size <3um, modified from"*.
(Reproduced by permission of The Royal Society of Chemistry).

P1 gate was set according to negative control fluorescent signal by minimizing background
(0.8 %) coming from E. coli cells harbouring pET22b(+) EV and size of events <3 pm in order
to eliminate associated E. coli cells (Figure 27A). E. coli cells expressing pET22b(+)-pNBEBL
showed a fluorescence signal of 7.0% (Figure 27B), whereas E. coli cells expressing
pET22b(+)-pelB-pNBEBL showed a fluorescence signal of 49.0 % (Figure 27C), which is 61-fold
higher than EV and 7-fold higher than the construct without pelB. The results impressivly
indicate that a pelB leader sequence is needed to generate a fluorescent signal in order to
minimaze background and successfully discriminate among positive and negative events.

3.1.3. Confocal microscope analysis
The formation of the fluorescent hydrogel (2.2.2) around the E.coli cells expressing

pET22b(+)-pelB-pNBEBL was analysed by confocal microscopy. Therefore, the fluorescence
signal of E. coli cells harbouring pET22b(+) EV was compared by E. coli cells expressing
pET22b(+)-pelB-pNBEBL. The overlay of transmission and fluorescence images showed a
strong fluorescent signal for E. coli cells expressing pET22b(+)-pelB-pNBEBL indicating the
formed hydrogel layer (Figure 28A). Whereas E. coli cells harbouring pET22b(+) showed a
negligible fluorescent (Figure 28B).
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E. coli BL21-Gold (DE3) E. coli BL21-Gold (DE3)
PET22b(+)-pelB-pNBEBL ) 7 7 B PET22b(+)

Figure 28 Confocal microscope analysis of E. coli cells expressing pET22b(+)-pelB-pNBEBL (A) and pET22b(+) (B)
after hydrogel formation. An overlay of the transmission and fluorescence image is shown, modified from'*.
(Reproduced by permission of The Royal Society of Chemistry).

3.1.4. Establishing a MTP screening system with B-D-(+)-glucose pentaacetate
The Fur-Shell screening system is based on conversion of B-D-(+)-glucose pentaacetate as

substrate. In order to have the same prescreening and screening conditions for esterase
regarding substrates it was necessary to develop a new B-D-(+)-glucose pentaacetate based
screening system for MTP format. Upon conversion of B-D-(+)-glucose pentaacetate by
esterase released B-D-glucose is further oxidized by a GOx. In a subsequent reaction the
Amplite™ Red Kit (AAT Bioquest, Sunnyvale, USA) was used as a sensitive fluorogenic
substrate. Oxidation of Amplite fluorogenic compound is mediated by horseradish
peroxidase and the fluorescence can be followed at Ex. 540 nm, Em. 590 nm.

OAc OH

OAc
pPNBEBL

- HOAc

HRP .
+H,0, ———» reduced Amplite™

AcO \“,-,.‘ --,,,’I’OAC HO“\“‘I‘ o "’OH

OAc OH

3-D-(+)-glucose pentaacetate B-D-glucose D-glucono-&-lactone Commercial kit
Ex. 540 nm /Em. 590 nm

Figure 29 Reaction scheme of AmplitewI screening system. Substrate B-D-(+)-glucose pentaacetate is
hydrolysed by pNBEBL into B-D-glucose and acetic acid (HOAc). B-D-glucose is converted by the glucose oxidase
(GOx) into D-glucono-6-lactone and H,0,, which is used by the horseradish peroxidase (HRP) to reduce
AmplitewI to a fluorescent product. Reduced AmplitewI can be measured spectrophotometrically at
Ex. 540 nm/Em. 590 nm.

MTP adapted Amplite™ Kit was further optimized regarding expression time, enzyme
concentration linear detection range, and standard deviation (Figure 30, 2.2.5).
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Figure 30 Determination of the linear detection limit of the continuous AmpliteTM screening system. D-glucose
concentrations from 0 mM to 0.25 mM were used to determine the linear detection range. The reported values
are the average of three measurements and average deviations from the mean values are shown.

The linear detection range of D-glucose was determined to cover a span from
0.005 mM to 0.25 mM, thereby 0.005 mM D-glucose represents the lower detection limit of
the screening system indicating that at least 0.005 mM B-D-(+)-glucose pentaacetate has to
be converted.

After determining the final assay conditions (4 h expression at 30°C, cell disruption in 150 pl
PBS pH 7.4, 25 ul supernatant of cell lysate containing pNBEBL, 25 pl 60 mM (-D-(+)-glucose
pentaacetate, 25 pl mastermix Amplite™ kit, measured at Ex. 540 nm, Em. 590 nm) the
standard deviation was calculated to be 10 % in 96-well MTP plate. (Figure 31).
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Figure 31 Determination of standard deviation of Amplite™ screening system in 96-well MTP format. Activity
values (increase in fluorescence signal (RFU/sec)) of pNBEBL WTs by converting B-D-(+)-glucose pentaacetate
are shown in descending order. 90 wells were used for mean value calculation (six wells with pET22b(+) EV).

Standard deviations ~10 % are routinely employed in directed evolution campaignslls.
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3.1.5. Sorting of pNBEBL reference libraries
Upon performing Fur-Shell reaction using B-D-(+)-glucose pentaacetate as substrate flow

cytometry analysis was performed using different ratios of E. coli cells expressing
pET22b(+)-pelB-pNBEBL and E. coli cells harbouring pET22b(+) (10:90 and 40:60). Active to
inactive E. coli mixed populations were sorted and enrichment factor were calculated by
dividing the percent number of active cell fraction after sorting with the percent number of
active cell fraction before sorting. Therefore, ~200 clones before sorting and ~100 clones
after sorting were screened by the Amplite™ screening system and percentages of active
cell fraction were calculated (Table 18). The calculated enrichment factors for 10:90 and
40:60 active to inactive ratio were 6-fold, and 1.8-fold, respectively.

Table 18 Enrichment of a 10 % and 40 % reference library analysed with the AmplitewI screening system
(n=number of clones).

Expected amount of Active clones before Active clones after .
. . . Enrichment [fold]
active clones [%] sorting [%] sorting [%]
10 10.0 (n=180) 60.0 (n=70) 6.0
40 45.2 (n=230) 81.3 (n=107) 1.8

3.2. Generation and screening of random mutagenesis library by flow cytometry
In order to validate the Fur-Shell technology platform for directed esterase evolution, a

standard epPCR (0.1 mM MnCl, 3.25 mutations per gene) was screened"’. E. coli cells
expressing pET22b(+)-pelB-pNBEBL 0.1 mM epPCR library were analysed and active variants
were sorted by flow cytometry (2.2.4). Sorting strategy comprised minimising a background
signal coming from E. coli cells harbouring pET22b(+) by P1 gating where all the events with
a size <3uM were included. The E.coli cells expressing pET22b(+)-pelB-pNBEBL
0.1 mM epPCR library showed a 17.3-fold higher fluorescent signal (15.6 %) compared to
E. coli cells harbouring pET22b(+) (0.9 %) (Figure 32).

A 104  pET22b(+) B 10% pET22b(+)-pelB-pNBEBL
0.1 mM epPCR library

2

P1
{ 156%

585/29(561)
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Figure 32 Flow cytometry analysis of the mutant library of Fur-Shell labelled cells. The density plots showed
forward scatter (FSC) against the fluorescent signal (Ex. 561 nm, Em. 585 nm, filter +/- 29 nm). Fur-Shell
reaction was performed with E. coli cells expressing pET22b(+)-pelB-pNBEBL 0.1 mM MnCl, epPCR library (B)
and E. coli cells harbouring pET22b(+) (A). Gate P1 was set according to background signal of E. coli cells
harbouring pET22b(+) and the respective size of the events <3umm. (Reproduced by permission of The Royal
Society of Chemistry).



Part Ill: Results | 49

In total, 1*¥10 E. coli cells expressing pET22b(+)-pelB-pNBEBL 0.1 mM epPCR library were
analysed out of which 5*10° active E. coli cells expressing pNBEBL were sorted. The DNA was
recovered by plasmid isolation and transformed in E. coli cells for MTP screening using
Amplite™ screening system. In total, 180 E. coli clones were screened to determine initial
number of active clones before sorting and 360 clones after sorting. The enrichment factor
was calculated by dividing the percent number of active fraction after sorting with percent
number of active fraction before sorting and yielded 1.3-fold (Figure 21).

Table 19 Comparison of the amount of active variants before and after flow cytometry sorting revealed in the
enrichment value.

Active variants before sorting [%] Active variants after sorting [%] Enrichment [fold]

31 41 13

The eight variants showing highest activity values were rescreened in Amplite™ MTP
screening assay. Variant E1 showed 13.7-fold and variant E2 showed 7.9-fold higher activity
compared to pNBEBL WT in supernatant of cell lysate (Figure 33A). SDS-PAGE analysis was
performed for variants E1, E2, and WT to assess the differences in expression levels.
Figure 33B confirmed no difference in expression levels among variants E1, E2 and WT
excluding the possibility that increase in activity is due to an increased protein production
(Figure 33A).
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Figure 33 Rescreening analysis of improved pNBEBL variants. A: Activity (RFU/sec) of variants (E1, E2) is
compared with pNBEBL WT and EV by applying AmplitewI screening system B: SDS-PAGE analysis of pNBEBL WT
and isolated variants. Enzymes were expressed for 4 h at 30°C. 6 ul of cell lysate containing the expressed
protein were loaded on the SDS-PAGE. L: ladder in kDa, 1: pET22b(+)-pelB-pNBEBL (WT), 2: pET22b(+),
3: pET22b(+)-pelB-pNBEBL variant E2, 4:pET22b(+)-pelB-pNBEBL variant E1 (merged), modified from"*.
(Reproduced by permission of The Royal Society of Chemistry).

Sequence analysis was performed to identify amino acids exchanges in variants E1 and E2
(Table 20). Variant E1 contained two amino acid exchanges Glu256Gly, Gly401Val and one
silent mutation Arg348, whereas variant E2 contained one amino acid exchange Phe313Ser
and five silent mutations Tyr135, Glu213, His214, Ser366, and Gly423.
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Table 20 Sequence analysis of pNBEBL variants revealed in several amino acid exchanges (silent mutations are
shown in grey).

Variant Amino acid exchange
pNBEBL
El Glu256Gly, Arg348Arg, Gly401Val
E2 Tyr135Tyr, Glu213Glu, His214His, Phe313Ser, Ser366Ser, Gly423Gly

3.3. Kinetic characterization of pNBEBL WT and identified variants E1 and E2

3.3.1. Purification by anion exchange chromatography

The identified variants E1 and E2 were purified for a detailed kinetic characterization. The
purification was done using an anion exchange chromatography where the esterase (pl ~4.7)
binds to the positive charged matrix. E. coli cells expressing pNBEBL WT, and variant E1, and
E2 were sonicated and the filtered supernatant was loaded on the Toyopearl Super Q 650c
column pre equilibrated with running buffer (Part Il 2.2.6). The protein was eluted at 19 % of
elution buffer containing 1 M NaCl and collected in fractions (Figure 34).
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Figure 34 Anion exchange chromatography profile of pNBEBL variant E1. The peak marked with an arrow
represents the eluted fractions with esterolytic activity observed at 19 % 1 M NaCl. The concentration (green) is
measured before the column, whereas the conductivity (red) is measured after the column. The column
volume is ~20 ml.

The esterolytic activity of the collected fractions was determined and those showing activity
were pooled and concentrated. The homogeneity was analysed by capillary electrophoresis
(Experion Pro260 Analysis Kit) (Figure 35).
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<«—pNBEBL

Figure 35 ExperionwI analysis of purified pNBEBL WT and variants E1 and E2. Samples (0.2 mg/ml} were
prepared as described in the manufactures protocol and analysed in duplicate. L: ladder in kDa, 1: pNBEBL WT,
2: pNBEBL variant E1, 3: pNBEBL variant E2.

After estimating the purity (WT: 86 %, E1: 48 %, E2: 82 %) the total protein concentration of
each sample was determined using the BCA assay. The specific protein concentration was
calculated by dividing total protein concentration by purity and is shown in Table 17.

Table 21 The specific protein concentration was calculated after purification, homogeneity and total protein
concentration determination. The results for pPNBEBL WT and all variants are shown.

Variant Specific concentration [mg/ml]
pNBEBL 241
E1 (Glu256Gly, Gly401Val) 0.72
E2 (Phe313Ser) 0.66

3.3.2. Determination of kinetic parameters
For kinetic characterization pNBEBL WT and improved variants E1 and E2 were used. The

conversion of B-D-(+)-glucose pentaacetate to B-D-glucose was followed and subsequent the
Michaelis-Menten plots were generated and evaluated with GraphPad (Figure 36) (2.2.6).
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Figure 36 Michaelis-Menten plots of pNBEBL WT and improved variants E1 and E2. V,,,, (D-glucose [mM/s]) was
plotted against Ky (B-D-(+)-glucose pentaacetate [mM]). Measurements were done in triplicate and the
average values and the average deviations from the mean values are shown™. (Reproduced by permission of
The Royal Society of Chemistry).
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Variant E1 showed a 7.1-fold higher k.: (E1: 185.74; WT 26.14) and 2-fold lower Ky
(E1:0.27; WT: 0.54) value compared to pNBEBL WT indicating a higher specific activity
(Table 22). E2 showed a similar behaviour than E1 a 6.5-fold higher k.: and a 1.8-fold
lower Ky.

Table 22 Characterization of isolated and purified variants using the AmplitewI screening systemm.

Enzyme Vinax [MM/s] Km [mM] koot [1/5] U/g [mmol/s*g]
pNBEBLWT 64.07%3.27 0.54+0.17 26.14+1.32 480.53+24.27
E1l 409.80+9.00 0.27+0.05 185.7414.08 3415.00%+67.52

E2 341.70+14.26 0.30%0.10 168.9617.05 3106.36+106.95

3.3.3. Homology model generation and visual inspection

In order to generate in depth molecular understanding of improved thermal resistance in

106

variant E1 its homology model was generated using YASARA . Figure 37 and Figure 38

showing the substitution in comparison to pNBEBL WT.
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Figure 37 Energy minimization of pNBEBL WT and variant E1 with amino acid exchange Glu256Gly. A: pNBEBL
WT with the catalytic triad Ser188, His400 and Glu309 in blue. A-C were predicted with YASARA and the FoldX
plugin, the hydrogen bonds were displayed in red segmented lines. B: pNBEBL WT with Glu256, C: substitution
Glu256Gly.

The homology model of pNBEBL WT with the catalytic triad Ser188, His400 and Glu309 in
blue is shown in Figure 37A. The enlarged image of the a-helix including position 256 is
shown in Figure 37B and C. Position 256 is located on surface of pNBEBL and has not been
reported yet. The substitution Glu256Gly leads to no significant changes in the distances of
the Ca-atoms of a-helix and no changes in the number of formed hydrogen bonds. Analysis
of the possible structure of the mutated a-helix by SWISS-MODEL revealed reduced stability

if Glu at position 256 is substituted with Gly***.
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Figure 38 Energy minimization of pNBEBL WT and variant E1 with amino acid exchange Gly401Val. A: pNBEBL
WT with the catalytic triad Ser188, His400 and Glu309 in blue. A-C were predicted with YASARA and the FoldX
plugin, the hydrogen bonds were displayed in red segmented lines. B: pNBEBL WT Gly401, C: substitution
Gly401Val.

The second substitution Gly401Val is shown in detail in Figure 38B and C. Position 401 is
located next to the His400 which is part of the catalytic triad, the same position was
reported for a p-nitrobenzyl esterase to be thermostabilizing’”®. The substitution does not
influence the orientation and hydrogen bond formation of the catalytic triad residues. The
hydrogen bond between the peptide backbone of Gly401 and Ile404 is missing and the
distances between the Ca-atoms of Gly401 and Ile404 (5.75A) is enlarged to 6.24 A
(Vald01-lle404).
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4. Discussion

Flow cytometers are powerful tools used in high throughput screening offering a high
coverage of the generated sequence space by screening throughputs of at least 10’ events
per hour. So far existing flow cytometer-based screening systems are, despite their high
throughput rarely used in directed evolutions campaigns. This might be caused by laborious
sample preparation steps, like compartmentalization e.g. encapsulation of cells or an in vitro
expression system inside double emulsions. Additionally, retention of the fluorescent
product inside the cell membrane or double emulsions dictates the time a sample can be
reproducibly analysed via flow cytometry. The herein applied whole cell flow
cytometer-based screening system named Fur-Shell overcomes the prevalent drawbacks of
screening with flow cytometers.

In Fur-Shell technology, a glucose-derivative is converted by pNBEBL into 3-D-glucose and
supplemented glucose oxidase converts generated 3-D-glucose into D-glucono-6-lactone and
hydrogen peroxide. Hydroxyl radicals produced in the Fenton reaction from ferrous ions and
hydrogen peroxide, initiate a polymerisation reaction which forms a fluorescent hydrogel
around cells expressing active enzymes'®. The obtained principle overcomes the
disadvantage of leakage, because the fluorescent product rhodamine B is covalently bound
into the hydrogel. Further improvement of this method was done regarding cell recovery
rate after flow cytometer sorting. Cells directly sorted on agar plates showed a survival of
less than 8 %8, This can be attributed most likely to the polymer shell around the cells,
which might hinder cell proliferation. The latter can lead to a reduced number of variants
which can be analysed in the final MTP-based screening system. In order to recover all
clones coding for active enzyme, regardless of their survival, a plasmid isolation step was
added to rescue the DNA of the sorted variants. Afterwards the DNA was re-transformed in
competent E. coli cells maintaining the diversity of the variants which were analysed in detail
in subsequent MTP-based screening system. Therefore, a MTP B-D-(+)-glucose pentaacetate
based screening system using reporter fluorogenic substrate AmplitemI was established and
validated. The Amplite™ screening system was optimized regarding different assay
parameters e.g. linear detection range (0.005 mM to 0.25 mM) and standard deviation
(10 %). The Amplite™ assay follows, as the Fur-Shell technology, the conversion of
B-D-(+)-glucose pentaacetate into B-D-glucose. Thus, by using for both screening systems the
same substrate enables on the one hand to screen for improved variants converting
B-D-(+)-glucose pentaacetate and on the other hand gives the opportunity to screen for
substrate specific activity. Hereby, a significant step to establish the Fur-Shell technology as
a valuable prescreening system was made.

Initial experiments with Fur-Shell system and pNBEBL in pET22b(+) showed that without a
periplasm destination peptide (pelB leader sequence) insufficient fluorescent hydrogel is
formed to distinguish cell harbouring an EV and cells expressing pNBEBL via flow cytometry.
In a former study a phytase with a putative signal peptide for gram-negative microorganisms
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was applied in the Fur-Shell reaction indicating a signal peptide being crucial for the Fur-Shell
reaction™®*. The requirement of a signal sequence for the Fur-Shell reaction indicates that
the hydrolysis of B-D-(+)-glucose pentaacetate might take place in the periplasm or even
outside the E. coli cell.

In order to validate the established Fur-Shell technology a pNBEBL library was analysed and
sorted. The identified pNBEBL variant E1 (Glu256Gly, Gly401Val) showed a 7.1-fold higher
ket (E1: 185.74; WT 26.14) and a 2-fold lower Ky (E1: 0.27; WT: 0.54) value compared to
pNBEBL WT. A reduced Ky value is an indication for the requirement of a lower substrate
concentration whereas an increase in the turnover number k.., shows a faster conversion of
the substrate. In comparison with other directed evolution campaigns, in which one round of
directed evolution leads to an improvement of average 1.5 to 2.5-fold increase in activity,
the obtained improvement of 7.1-fold per single round of directed evolution was

135

impressive . The Fur-Shell technology was also applied in a joint project for two other

hydrolases with industrial relevance, the B. subtilis lipase A (BSLA) and a cellulase (CelA2)
isolated from a metagenome library by Streit et al.P*’ The MTP screening revealed an
enrichment of activity for BSLA of 1.5-fold and for CelA2 11.7-fold, which is remarkable and
proved once more the effective prescreening. It offers the possibility to isolate active clones
from vast populations of inactive clones leading to a minimal MTP-based screening effort.
The kinetic characterisation of the improved and purified variants showed 1.3-fold (BSLA
variant L1, Tyr139Asp) and 1.9-fold (CelA2 variant C1, Val37Ala, Glu275Gly, Glu398Val)

increase in k.q: compared to respective wildtypes***.

In conclusion, the Fur-Shell technology was advanced to a general platform for directed
hydrolase evolution, by developing a prescreening system for three hydrolases (i.e. esterase,
cellulase, and lipase) and validating them in a single round of directed evolution. The
developed screening technology is robust and simple and most likely can be expanded to
other reaction systems, e.g. different microgels and enzyme classes. Large libraries, i.e.
metagenome libraries will benefit from the fast screening system and separation of active
clones.

The Fur-Shell technology was successfully applied to the esterase by adaptation of the
reaction substrate. In combination with the Fur-Shell technology and the MTP screening
system a variant with an impressive 7.1-fold improvement was identified. The variant has
two amino acid substitutions at position 256 located on the surface and at position 401 close
to catalytic site.
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Part IV: Structure-function analysis of the pNBEBL esterase regarding PET
degradation

This work was already published in the master thesis of Sandra Knopp “Rational design study
of the substrate specificity of an esterase by saturation mutagenesis” (2014) and
Daniel Sexauer “Development of a polyethylene terephthalate microtiter plate based
screening system” (2014).

Goals and main results
In Part IV of this work, a MTP-based screening system based on bis(p-methylbenzoic acid)-

ethylene glycol ester (PET-dimer) was developed in order to tailor esterase towards
increased substrate specificity using a model substrate which mimics complex PET polymer
structure. Later on, the optimized MTP assay was employed to study structure function
relationship of a specific lid like loop in esterase (18AA) and its impact on PET degradation.
Analysis was performed by stepwise deletion of pair of two amino acids and monitoring
changes in esterase activity towards PET. It was shown that complete deletion of lid like loop
yields to an inactive esterase and linear trend was observed between activity decrease and
decrease in size of the loop.

1. Introduction

Degradation of polyethylene terephthalate (PET) is performed in the environment by
photodegradation, thermooxidative degradation, hydrolytic degradation and biodegradation
by microorganismsm. Already in 1997 Staples et al. showed an overview of microorganisms
and fish which are able to degrade phthalate esters and terephthalate esters (Table 23)"°

Table 23 Overview of phthalate ester and terephthalate ester degrading microorganism or fish™.

Substrate Organism Reference
Dimethyl terephthalate (DMT) Aspergillus niger (Bacteria) 1o
Diethyl terephthalate (DET) Rhodococcus rhodochorus (Bacteria) 1
Dimethyl phthalate (DMP) Bacillus sp. (Bacteria) 142

Lepomis macrochirus (Fish) 13

Diethyl phthalate (DEP) Micrococcus sp. (Bacteria) 14

Parophyrus vetulus (Fish) 15

Dibutyl phthalate (DBP) Micrococcus sp. (Bacteria) 16

Cyprinodon variegatus (Fish) W

The prediction of the biodegradation pathway of phthalate esters in the environment is

divided into two possibilities: 1) aerobic conditions, 2) anaerobic conditions (Figure 39)*8 In
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both cases the reaction starts with ester hydrolysis to form the monoester and the
corresponding alcohol followed by the production of phthalic acid. In the aerobic pathway

protochatechuate is formed via 3,4-dihydroxyphthalate by gram-negative bacteria or

146, 149

4,5-dihydroxyphthalate by gram-positive bacteria . The ring opening takes place either

in meta-position with the final products acetate and succinate or in ortho-position with two

146, 150-151

pyruvates as products . The prediction for the anaerobic degradation showed the

formation of benzoyl CoA which is then part of the benzoate pathway, and finally acetate is

152
released .
: :COOR
COOR
Dialkyl Phthalate
H,0
ROH
: :COOR
COOH
Mono Alkyl Phthalate
H,0
COOH COOH K ROH CO CoA
COOH COOH COOH COOH
AEROBIC ANAEROBIC
or Phthalic Acid - CoA
OH HO ; COOH { \
OH OH 0, Phthalic Acid ATP + CoA ADP
3,4 Dihydroxyphthalate 4,5 Dihydroxyphthalate co,
L ‘ I CO CoA
COOH
Benzoyl - CoA
Protochatechuate
OH 4H
OH
‘ meta | ortho €O Con
cleavage
COOH COOH
Cyclohex-1-ene
carboxyl CoA
CHO
HOOC COOH H:0
2-hydroxy- COOH
4-carb9xy- PB-Carboxy-Cis-
muconic Cis-Muconate CO CoA
semialdehyde
OH
2-Hydroxycyclohexane
; I carboxyl CoA
Y Y Coh
Acetate + 2 Pyruvate + 2H
Co, + €O,
Succinate CO CoA
3 Acetate+ _
3 H, +CO, CO CoA

Pimelyl di-CoA

CL
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One of the key prerequisites to identify PET degrading enzymes is the establishment of
screening systems in which direct PET degradation can be monitored. Until now PET is
seldom represented in screening systems due to its structural complexity and low solubility
in aqueous environment. The reported enzymes which showed PET degrading activity were

13 For

so far grown in enrichment cultures on PET or PET model esters as carbon source
kinetic characterization HPLC analysis were applied to determine and quantify the released
products™”. Instead of applying PET as substrate in most cases model substrates are used to
mimic the complex PET structure. Besides PET-dimer (bis(p-methylbenzoic acid)-ethylene
glycol ester), PET-trimer (bis(benzoyloxy-ethyl)-terephthalate) and the cyclic PET-trimer
(cyclo-tris-ethylene terephthalate) were used which are formed as a side-products during

the production of PET in an amount of 1-3 9p1>% 153156

. In agar plate screening system
PET-dimer and PET-trimer can be applied to detect activity by halo formation®’. Main
disadvantage of agar plate screening systems is the limited number of variants which can be

only qualitatively screened (~10°)°.

The degradation of model substrates such as 1,4-bis(benzyloxy)butane, diphenyl adipate,
1,4-bis-cyclohexancarbonyloxy-butane, dicyclohexyl adipate or 1,4-bis-phenylacetoxy-

butane was shown for lipases, proteinases and esterases™®

. For hydrolases e.g. isolated
from Thermobifida fusca an screening system was developed where the loss in weight of a
PET foil was measured®. Furthermore, cutinases i.e. from Fusarium solani pisi showed

139180 The hydrolases (i.e. lipases, esterases and cutinases) seem to be

activity on PET fibers
promising enzymes for further investigation of PET degradation. For all three mentioned
enzymes the PET degradation mechanism is not understood and studied in detail. Wei et al.
performed molecular docking studies with bis(2-hydroxyethyl) terephthalate to investigate
the substrate binding pocket of Thermonospora curvata. The study revealed that more
hydrophobic and less charged amino acids clustered in the vicinity of the substrate binding

pocket in comparison to other cutinases®.

In this work, a MTP screening system using a PET-dimer as model substrate was established.
Formation of PET hydrolysis product catalyzed by pNBEBL can be spectrophotometrically
followed by using a pH indicator. Further on, the optimized assay was used to monitor
esterase activity upon systematic deletion of amino acids in one of the loop structures
(amino acid position 63-80) located in proximity above the entrance to the active site
identified by computational analysis study. In the crystal structure of the p-nitrobenzyl
esterase from B. subtilis (PDB 1CFl), which shared a structural similarity of 77.4 % with
pNBEBL, a loop from amino acid position 64-71 forming the entrance to the catalytic triad
was identified. The same loop was enlarged in the acetylcholine esterase, shrinking the
active site and leading to a better hydrolysis of smaller acetylcholine substrates’. Based on
structural features of pNBEBL and already reported work on structurally similar enzymes,
structure function relationship study on the loop in close vicinity of the active site and its
influence on PET degradation activity was performed. The study comprised systematic
deletion of amino acids in pairs and monitoring PET degradation activity using PET-dimer
MTP screening system.
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2. Material and methods

2.1. Material

See Part Il section 2.1 with the exception of PET-dimer (bis(p-methylbenzoic acid)-ethylene
glycol ester) and PET-trimer (bis(benzoyloxyethyl)-terephthalate) which was synthesized
kindly by Dr. Thomas Weber (Henkel AG & Co. KGaA, Disseldorf, Germany)>. See Part II
section 2.1.1, 2.1.2 and 2.1.4 for target gene, strains and plasmids, and cell culture methods.

2.1.1. Oligonucleotides
The oligonucleotides were ordered from Eurofins MWG Operon (Ebersberg, Germany) in

salt-free form and are summarized in Table 24.

Table 24 Primers for reducing the loop length and used melting temperature (Ty) (small letters indicate

phosphorothioate nucleotides).

Primer name Sequence 5’-3’ Tm[°C]
FW_16 AS loop GATGGGGTATTGCCTGCGGGGGTTCAAAAG 64
RV_16 AS loop CTTTTGAACCCCCGCAGGCAATACCCCATC 64
FW_14 AS loop GCAGCCTGATGGGGTATTGGGGGTTCAAAAGTCTGAGG 55
RV_14 AS loop CCTCAGACTTTTGAACCCCCAATACCCCATCAGGCTGC 55
FW_12 AS loop CAGCCTGATGGGGTAGTTCAAAAGTCTGAGGATTGCC 55
RV_12 AS loop GGCAATCCTCAGACTTTTGAACTACCCCATCAGGCTG 55
FW_10 AS loop CGCAGCCTGATGGGCAAAAGTCTGAGGATTGCC 55
RV_10 AS loop GGCAATCCTCAGACTTTTGCCCATCAGGCTGCG 55
FW_8 AS loop GTTTGTCCGCAGCCTGATAAGTCTGAGGATTGCC 55
RV_8 AS loop GGCAATCCTCAGACTTATCAGGCTGCGGACAAAC 55
FW_6 AS loop GTTTGTCCGCAGCCTTCTGAGGATTGCCTTTATTTAAATGTG 65
RV_6 AS loop CACATTTAAATAAAGGCAATCCTCAGAAGGCTGCGGACAAAC 65
FW_4 AS loop GGTTTGTCCGCAGGAGGATTGCCTTTATTTAAATGTG 65
RV_4 AS loop CACATTTAAATAAAGGCAATCCTCCTGCGGACAAACC 65
FW_2 AS loop GCCCGGTTTGTCCGGATTGCCTTTATTTAAATGTG 65
RV_2 AS loop CACATTTAAATAAAGGCAATCCGGACAAACCGGGC 65
FW_0 AS loop ggcecggtttgtTGCCTTTATTTAAATGTGTACGCACCCGAAGAGG 60
RV_0 AS loop acaaaccgggccAAATTGAAAAGCATCCAGCTCACCTTCC 60

2.1.2. PET-dimer and PET-trimer dispersion

PET-dimer and PET-trimer were received as insoluble powder and a dispersion had to be
prepared. Therefore, 6 g/l PET-dimer/trimer was dispersed in 10 g/l triton X 100 and
50 % (v/v) ethanol (96 %) and stirred (15 min, 50°C). The dispersion was added to
2 mM tris-HCI buffer pH 9 and homogenized on ice (25 min). Subsequent, the dispersion was
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stirred (16 h, RT) and ethanol was evaporated. The dispersion with a final concentration of
0.6 % (w/v) PET-dimer was stored at RT and resuspended before usage.

2.2. Methods
For cloning see Part Il section 2.2.1. The growth conditions and expression are explained in

96-well microtiter plate see Part Il section 2.2.5. The expression in flasks and purification by
anion exchange chromatography are explained in Part Il section 2.2.6.

2.2.1. Construction of loop with reduced length
For loops with a final size of 16-0 amino acids a “two-stage” PCR was performed, where the

first step contains two reaction mixture for separation of the forward and revers
oligonucleotide'®. Subsequently, in the second step both reactions mixtures were combined
and the PCR program shown in Table 25 was continued.

Table 25 “Two-stage” PCR program loop length reduction. Annealing temperature was set according to the
mentioned Ty,.

Step 1 Temperature [°C] Time [sec] Cycle [-]
Initial denaturation 98 60 1x
Denaturation 98 30

Annealing XX2 30 3x
Elongation 72 420

Step 2 Temperature [°C] Time [sec] Cycle [-]
Denaturation 98 30

Annealing XX? 30 15x
Elongation 72 300

Final elongation 72 300 1x

% see Ty in Table 24

For the PCR mixture PfuS DNA polymerase (2.5 U), dNTP mix (10 mM), plasmid template
(PET22b(+)-pNBEBL, 30 ng) and oligonucleotides listed in Table 24 (20 um) were used. The
resulted PCR products were digested with Dpnl (20 U) at 37°C*. The PCR products of loop
length 16-2 amino acids were purified using a PCR clean-up Gel extraction kit from
Macherey-Nagel. The variant pNBEBL-loopA-OAA was purified by the QlAquick PCR
Purification Kit from Qiagen, due to the presence of phosphorothioate oligonucleotides.
Afterwards the religation of the linear fragment was performed by PLICing™. Hybridized DNA
fragments as well as the purified PCR of pNBEBL-loopA-16-2AA variants were transformed
into E. coli BL21-Gold (DE3) for expression™®.

2.2.2. Detection of pNBEBL activity on agar plates
Agar plate assays were used to semi-quantify enzymatic activity via halo formation. For

tributyrin agar plates see Part Il section 2.1.4 Table 9 and 2.2.4. For LB-agar plates
supplemented with a PET-dimer or PET-trimer a suspension had to be prepared (2.1.2).
LB-agar plates (5g/l yeast, 10g/l tryptone, 10g/l NaCl, 15g/l agar; pH7.5) were
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supplemented with 4.76 %  PET-dimer/trimer suspension (final concentration
0.028 % PET-dimer), ampicillin (100 pg/ml), and IPTG (0.1 mM). E. coli BL21-Gold (DE3) cells
containing pET22b(+)-pNBEBL were plated on the plates and incubated (16 h, 37°C,
afterwards 24 h, 4°C) for halo formation.

2.2.3. PET-dimer MTP screening system
For detection of PET degradation of esterases an MTP screening system was developed

based on the conversion of PET-dimer. The released acid can be followed by colour
conversion from orange to yellow due to the applied pH indicator. For preparation of one
MTP 0.3 % (w/v) agar was autoclaved in PBS (0.1x; pH 8.5). The lukewarm agar solution was
supplemented with 12.8% (v/v) PET-dimer dispersion (0.076 % final PET-dimer
concentration) and 1.96 % (v/v) cresol red (5 mM in ddH,0). Each well of the MTP was filled
with 150 pul of the prepared solution, subsequent plates were stored (ON, 4°C). For detection
of esterolytic activity supernatant of cell lysate containing expressed protein (2.2.5) was
diluted 1:10 in PBS pH 7.4 and 20 pl were added in each well on top of the agar solution. The
degradation of PET-dimer and the subsequent pH shift was monitored as end point
measurements spectrophotometrically at 570 nm. During the measurements the plates
were incubated at the respective temperature of interest (18°C and 42°C).

2.2.4. Computer based loop analysis
The software YASARA (www.yasara.org) was used to generate the homology model based on

the crystal structure of 1QE3, 1C71, 1C7J) (p-nitrobenzyl esterase from B. subtilis) and 20GT
106107 The most detailed
description of the loop was given by 1C7I. The alignments of all pNBEBL-loopA variants to

(carboxyl esterase from Geobacillus stearothermophilus)”™

1C71 were done with the standard program Protein BLAST and the online software Modeller
(Bioinformatics Toolkit, Tlibingen, Germany)162 was used to generate models.

2.2.5. Circular dichroism
Circular dichroism (CD) was used to determine the secondary structure of pNBEBL WT and to

prove the correct folding of pNBEBL-loopA. The absorption of circularly polarized light by
chiral chromophores like peptide bonds, aromatic side chain and disulfide bonds differs and
can therefore be used to determine the secondary structure of a protein by comparison with
references. The secondary structure of pNBEBL was determined with OLIS
CD-Spectrophotometer DSM-17 (OLIS Instruments, Bogart, GA, Germany) with nitrogen flow
of 10 I/min in the chamber, monochromator and lamp case a slid with of 1 nm and 2 nm
bandwidth at 20 nm/min (140 W, water-cooled xenon arc lamp, Hamamatsu, Iwata, Japan).
Samples were diluted to 0.4 mg/ml in 0.1M sodium phosphate buffer pH 8.5
(0.1 M NayHPO, in ddH,0, adjust pH 8.5 with 0.1 M NaH,PO4 1xH,0 in ddH,0) and 140 pl
were measured in 0.5 mm quartz cuvettes (Suprasil, 106-QS, Hellma) in 1 nm steps and
normalized to 0 millidegrees at 240 nm. The baseline was measured with sodium phosphate
buffer and subtracted from the sample data. Measurements were done in triplicate and
evaluated with the online-software Dichroweb® (CONTIN Set 4) which gives an overview
about the amount of different secondary structure found in the whole protein®®.
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3. Results
In this work a PET-dimer MTP screening system for detection of esterolytic activity was

developed. Subsequently, the screening system was used to proof the hypothesis that the lid
like loop from pNBEBL, covering the entrance to the catalytic triad, has an effect on the
degradation of PET-dimer. Influence of lid like loop on PET degradation activity was studied
by stepwise reducing the loop length and monitoring change in activity using PET-dimer MTP
screening system.

3.1. PET-dimer MTP based screening system

3.1.1. Principle of PET-dimer MTP screening system

PET-dimer was used to design a screening system mimicking complex PET polymer structure.
It was shown using GC/MS measurement that prominent PET-dimer degradation products
are 4-methylbenzoic acid and 4-methylbenzoic acid ethylene glycol ester’>.

0 0
o pNBEBL o
—_— +
o +H0 on T oo N
0

Bis(p-methylbenzoic acid)-ethylene glycol ester 4-methylbenzoic acid 4-methylbenzoic acid ethylene glycol

Figure 40 Hydrolysis of bis(p-methylbenzoic acid})-ethylene glycol ester (PET-dimer) to 4-methylbenzoic acid
and 4-methylbenzoic acid ethylene glycol ester, modified from™.

Figure 40 shows the hydrolysis products of the substrate bis(p-methylbenzoic acid)-ethylene
glycol ester (PET-dimer) catalysed by pNBEBL. The released products are 4-methylbenzoic
acid ethylene glycol ester and 4-methylbenzoic acid. The latter changes the pH of the assay
solution which in the presence of pH indicator can be spectrophotometrically monitored. As
indicator, cresol red was selected and its transition point (pH 8.8-7.0) is illustrated in Figure
41.

o :

Cresol red -

Figure 41 Transition point of the pH indicator cresol red, modified from®®*,

Lowering of pH of the assay solution due to PET-dimer degradation causes change of colour
from orange/red to yellow and can be followed at 570 nm.
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3.1.2. Determination of assay parameters
In order to overcome poor solubility observed for PET-dimer, it was dispersed in agar matrix

and used in MTP screening format. Different agar concentrations from 0.1 % till 0.5 % were
tested in order to fix the PET-dimer in a kind of matrix to avoid sedimentation on the bottom
of the MTP well. It was shown that with 0.1 % agar (w/v) the matrix is not stable enough and
PET-dimer precipitates on the bottom of the well. The highest agar concentration
(0.5% w/v) leads to an unequal suspension/distribution within 96-wells of MTP.
Furthermore, it decelerates the diffusion rate of the supernatant on the surface of each well.
At agar concentration of 0.3 % (w/v) no precipitation and high homogeneity was observed.
Afterwards, the volume necessary for covering the complete surface of one well was
determined. For better visibility blue coloured water was pipetted on top of the wells
(Figure 42).

20 pl 50 pl
—

-

w <«—Dblue coloured solution

e -

Figure 42 Determination of the volume needed to cover the surface of one well of a 96-well MTP. A blue
coloured solution was pipetted on top of two wells left 20 ul solution, right 50 pl solution.

Figure 42 shows two wells of a 96-well MTP where the left well is filled with 20 pl and the
right well is filled with 50 pl of blue water. The left well shows that 20 ul are sufficient to
cover the complete well surface and therefore will be used for all further assay parameters
determination.

In the second step different pH indicator concentrations were analysed. The assay buffer has
a pH of 8.5 (identical to the established cBLE-AAP screening system, see Part Il 3.2.1) and
therefore the pH indicator cresol red was selected with a transition point between pH 8.8
and 7.0 allowing the detection of the released acidic product 4-methylbenzoic acid over the
reaction time. The colour change from orange/red (at ~pH 8.8) to yellow (at pH <7.0) can be
followed spectrophotometrically at 570 nm. In order to determine the optimal concentration
of cresol red in the assay, different cresol red concentrations were applied and the activity of
PNBEBL WT or EV (20 pl lysate) was measured at 18°C (Figure 43). The hydrolysis of
PET-dimer was followed over ~5 h and colour change was measured for pNBEBL WT and EV
at time intervals of 30 min.
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Figure 43 Determination of cresol red concentration for application in the PET-dimer MTP screening system.
Different cresol red concentrations (25, 50, 75 and 100 uM) were tested in the assay. The hydrolysis rates of
PNBEBL WT (z) and EV (m) lysate (6 pl lysate + 14 ul PBS pH 7.4) at 18°C were followed by measuring decrease
of absorbance at 570 nm. The reported values are the average of six (EV) / ten (WT) measurements and
average deviations from the mean values are shown.

In concentration range of cresol red from 25uM to 100 uM the linear increase of
pNBEBL WT activity was observed. Overall, the background signal produced by incubating
the PET-dimer with supernatant containing EV was below 9% for all cresol red
concentrations. At cresol red concentration of 100 uM the pNBEBL WT showed 25-fold
higher activity than EV and was used as final concentration since it yielded highest decrease
of absorbance signal value.

After successful optimization of the concentration of cresol red, different supernatant
volumes of the cell lysate containing expressed pNBEBL WT were tested (2, 4, and 6 pl) using
0.3 % w/v agar, and 100 uM cresol red. The screening plates were incubated at 18°C and the
decrease of absorbance was followed spectrophotometrically at 570 nm (Figure 44). The
screening conditions were tested with cell lysate supernatant containing expressed
pNBEBL WT and EV. The linear increase in activity of pNBEBL WT was observed by increasing
supernatant cell lysate volume. The background signal from the supernatant containing EV
was lower than 24 %. Finally 2 pl of cell lysate supernatant containing pNBEBL WT was used.
The standard deviation was lower compared to the higher supernatant volumes (6 ul) and
most importantly the detection limit of the assay was not reached, enabling identification of
more active variants compared to pNBEBL WT.
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Figure 44 Determination of supernatant concentration for application in the PET-dimer MTP screening system.
Different supernatant concentrations (2, 4 and 6 pul) were tested in the assay. The hydrolysis rates of pNBEBL
WT (z) and EV (m) at 18°C were followed by measuring decrease of absorbance at 570 nm. The reported values
are the average of five (EV) / ten (WT) measurements and average deviations from the mean values are shown.

3.1.3. Determination of standard deviation of PET-dimer MTP screening assay
The standard deviation of the established PET-dimer MTP screening assay was determined

to check its reliability. After determining the final assay conditions (0.3 % (w/v) agar
supplemented with 0.076 % (w/v) PET-dimer and 1.96 % (v/v) cresol red; 150 pl solution per
well; 2 ul cell lysate supernatant containing expressed pNBEBL WT) the standard deviation
was determined for 90-wells of pNBEBL WT. The plates were incubated at 18°C or 42°C and
measurements were done at time intervals of 30 min within 6 h (Figure 45).
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Figure 45 Determination of standard deviation of PET-dimer MTP screening system in 96-well MTP format.
Activity values of pNBEBL WT are shown in descending order at two temperatures (18°C (), 42°C (¢)). pNBEBL
WT was expressed in 90-wells and supernatant of cell lysates of expressed pNBEBL WT were used to finally
determine the standard deviations (six wells with pET22b(+) EV).

The standard deviation of the PET-dimer MTP screening system in the 96-well MTPs was

optimized to 23 % at 18°C and to 11 % at 42°C. Screening systems with standard deviations

~10 % are routinely used for a directed evolution campaignsm.
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3.2. Strategy for shortening loop length of pPNBEBL
Computational analysis study on the pNBEBL showed the presence of one loop covering the

entrance to the catalytic triad. The loop is composed of 18 amino acids (AA) starting at
amino acid position 63 till 80. Figure 46 showed the pNBEBL WT structure (A) and pNBEBL
variant with complete loop deletion (pPNBEBL-loopA-0AA, B).

Figure 46 Homology model of pNBEBL WT and pNBEBL-loopA-OAA. A: pNBEBL WT with the loop from
AA position 63 to 80 in green. B: pNBEBL-loopA-OAA. The AAs of the catalytic triad are highlighted in magenta.

In order to analyse the loop (AA 63-80) influence on PET-dimer degradation, the loop length
was shortened systematically. Figure 47 shows two possible strategies on shortening the
loop even or uneven number of amino acids. In the case that an even number of amino acids
is deleted the modified backbone shows the same orientation as in pNBEBL WT (Figure 47C).
The deletion of an uneven number of amino acids, e.g. three amino acids, leads to
orientation change of neighbouring amino acids by rotation or flipping of the backbone due
to a steric hindrance (Figure 47E-F).

(A) 1 3 5 7
/R\/R\/R\/R\
R R R
2 4 6
(B) 1 5 7 (D) 1 5 7
R R R R R R
R R R
4 6 6
(€) 1 5 7 (E) 1 5 7 () 1 6
R R R R R R R R
/\/\/\ — /\/\/
R R R R R
4 6 6 5 7

Figure 47 Different strategies of amino acid deletion in the loop of pNBEBL WT. The amino acid backbone is
shown and R symbolises the rest of the specific amino acids. In the starting backbone (A) seven amino acids are
shown. A double deletion of two amino acids (B) (AAs highlighted in red) lead to a shortened backbone of five
amino acids (deletion of number 2 and 3) (C). In comparison a deletion of three amino acids (D) resulted in an
orientation change of neighbouring amino acids by rotation or flipping of the backbone due to a steric
hindrance (E-F).
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In Figure 48 an overview of pNBEBL-loopA variants is shown. Fulfilling the above mentioned
criteria (deletion of even numbers of amino acids) nine constructs have to be generated,
each two amino acids shorter than the previous construct. The two amino acids were always
deleted from the middle of the loop. Thereby, it was expected to keep the flexibility of the
loop as long as possible, since the both cysteine’s symbolizing the anchor points of the loop
remained.

loopA-18AA CPQPDGVLPESAGVQKSEDC
loopA-16AA CPQPDGVLPESAGVQKSEDC
loopA-14AA CPQPDGVLPESAGVQKSEDC
loopA-12AA CPQPDGVLPESAGVQKSEDC
loopA-10AA CPQPDGVLPESAGYQKSEDC
loopA - 8AA CPQPD&VLPESAGVEOKSEDC
loopA - 6AA CPQPHBGVLPESAGVOKSEDC
looplA - 4AA CPQPRPEBGVLPESAGVYAOKSEDC
loopA - 2AA CPQPDGVLPESAGVQAQKSEDC
loopA - OAA Chropbo L pPEeACY OIS ERC

Figure 48 Overview of pNBEBL-loopA variants generated by stepwise deletion of even amino acid numbers. The
pPNBEBL WT loop length is 18 amino acids, 9 constructs were generated to get the final of pPNBEBL-loopA-0AA,
and deleted amino acids are highlighted in blue and crossed.

3.2.1. Generation of pNBEBL-loopA variants with different lengths
The variants with a reduced loop length were generated by PCR (2.2.1) and the resulted

constructs were transformed for expression in E. coli BL21-Gold (DE3). Subsequently, cell
lysates of expressed pNBEBL constructs were analysed on a SDS-PAGE to determine the
expression levels for each construct (Figure 49).
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Figure 49 SDS-PAGE analysis of pNBEBL WT and generated variants with reduced loop length. Enzymes were
expressed for 4 h at 30°C. 6 pl of cell lysate containing the expressed protein were loaded on a 12 % SDS-PAGE.
PNBEBL WT has an expected size of ~54 kDa, where variants with pNBEBL-loopA-OAA and pNBEBL-loopA-2AA
showed molecular weight of ~52 kDa. L: ladder in kDa, 1: pNBEBL WT, 2: pET22b(+)-EV, 3: pNBEBL-loopA-0AA,
4: pNBEBL-loopA-2AA, 5: pNBEBL-loopA-4AA, 6: pPNBEBL-loopA-6AA, 7: pNBEBL-loopA-8AA,
8: pNBEBL-loopA-10AA, 9: pNBEBL-loopA-12AA, 10: pNBEBL-loopA-14AA, 11: pNBEBL-loopA-16AA.

All generated variants could be successfully expressed, showed comparable expression
levels, and differences in activities (Figure 50).
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3.2.2. Activity on tributyrin, PET-dimer and PET-trimer agar plates
Esterolytic activity of all pNBEBL-loopA variants and pNBEBL WT was determined by using an

agar plate screening system. The agar plates were supplemented with tributryin, PET-dimer
or PET-trimer and represent a qualitative detection method, where formed halos around the
cells indicate esterolytic activity (Figure 50A, C, and E) (2.2.2). For a better visual effect of the
halos the colonies were washed from the plates (Figure 50B, D, and F). The summary of the
halo formation for different substrates and loop deletion variants is shown in Table 26.

Figure 50 Esterolytic activity determination for pNBEBL WT and its pNBEBL-loopA variants through halo
formation on tribuytrin, PET-dimer and PET-trimer plates. Agar plates were supplemented with tributyrin
(A, B), PET-dimer (C, D) or PET-trimer (E, F) and incubated after plating E. coli cells containing the
pPET22b(+)-pNBEBL variants with different loop lengths for 16 h at 37°C and afterwards at 4°C. A, C, E halo
formation around E. coli cells, B, D, F visible halos after washing the colonies from the plates. 1: pPNBEBL WT,
2: pNBEBL-loopA-0AA, 3: pNBEBL-loopA-16AA, 4: pNBEBL-loopA-14AA, 5: pNBEBL-loopA-12AA,
6: pNBEBL-loopA-10AA, 7: pPNBEBL-loopA-8AA, 8: pNBEBL-loopA-6AA, 9: pNBEBL-loopA-4AA,
10: pNBEBL-loopA-2AA, 11: pET22b(+)-EV.
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Table 26 Overview of activities of pNBEBL WT and generated pNBEBL-loopA variants through halo formation on
tributyrin, PET-dimer and PET-trimer agar plates.

Halo formation on

Variant
Tributyrin plates PET-dimer plates PET-trimer plates

pPNBEBL WT X X X
pNBEBL-loopA-16AA X X X
pNBEBL-loopA-14AA X X X
pNBEBL-loopA-12AA X X X
pNBEBL-loopA-10AA X X X
PNBEBL-loopA-8AA X X -
pNBEBL-loopA-6AA X X -
pNBEBL-loopA-4AA X X X
PNBEBL-loopA-2AA X - -

pNBEBL-loopA-OAA - - -

X showed halo formation; - no halo formation

The pNBEBL WT showed activity on all three different substrates. Whereas, the EV was used
as a negative control and showed no halo formation. The pNBEBL-loopA-OAA showed no
activity for all three substrates. The variants pNBEBL-loopA-16AA till pNBEBL-loopA-2AA
showed activity for tributyrin substrate, and besides the variant pNBEBL-loopA-2AA all
variants were active for PET-dimer substrate. The variants with a loop length of 16AA till
10AA showed activity for PET-trimer substrates as well as the variants with loop length of
AAA (pNBEBL-loopA-4AA).

3.2.3. Activity on PET-dimer MTP screening system
The established PET-dimer MTP screening system was used for a quantitative analysis of the

generated loop variants (2.2.3). The assay was performed in parallel on two temperatures
(18°C and 42°C). The optimal temperature for pNBEBL WT is 42°C, while 18°C was used to
monitor the changes in esterase activity by significantly lowering temperature from its
optimum (Figure 51).
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Figure 51 Hydrolysis rates for pNBEBL WT and different pNBEBL-loopA variants using PET-dimer MTP screening
system. The assay was performed at 18°C (m) and at 42°C (m), A means loopA . All pNBEBL-loopA variants from
16-0 AA were tested as well as pNBEBL WT and an EV control. The reported values are the average of three
measurements and average deviations from the mean values are shown.

Figure 51 showed comparable pNBEBL WT activity levels at 42°C for variants
PNBEBL-loopA-16AA  and pNBEBL-loopA-14AA. The activities of the variants
PNBEBL-loopA-12AA and pNBEBL-loopA-10AA showed linear decrease in absorbance while
variants pNBEBL-loopA-8AA till pNBEBL-loopA-OAA can be considered as inactive at 42°C.
Activities at 18°C showed comparable profile to activities observed at 42°C for all
pPNBEBL-loopA variants. The slight recovery in activity in variant pNBEBL-loopA-4AA which
was observed in PET-dimer plate assay could also be confirmed by the MTP screening
system. Summing up, variants until 14AA keep their activity, variants with 12AA and 10AA
have an decrease in activity and variants with a loop shorter than 10AA are inactive.

3.2.4. Loop analysis by computational modelling

For further structure-function relationship study, computational modelling analysis was
done. The homology model of pNBEBL WT was generated by YASARA based on the crystal
structure of 1QE3, 1C71, 1C7J (p-nitrobenzyl esterase from B. subtilis) and 20GT (carboxyl

esterase from Geobacillus stearothermophilus)’ %%

. The structure of the loop from
amino acid position 63-80 was not completely solved in the crystal structure. The most
detailed description of the loop was given by 1C7I. Figure 52 shows an overlay of the pNBEBL
WT homology model generated by YASARA and six models generated by the online software

Modeller.
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Figure 52 Overlay of homology models of different loop lengths with pNBEBL WT. The pNBEBL model (green
loop) was built with YASARA based on the structure of the B. subtilis p-nitrobenzyl esterase (PDB 1CFI)75. The
models of shortened loops were generated by Modeller (red loop). The cysteine’s at position 62 and 81 (shown
in blue) are the anchor points of the loop. The pNBEBL WT YASARA model was aligned with the models of
Modeller, A:pNBEBL WT, B:pNBEBL-loopA-14AA, C:pNBEBL-loopA-10AA, D: pNBEBL-loopA-8AA,
E: pNBEBL-loopA-4AA, F: pNBEBL-loopA-OAA.

Figure 52 shows an overlay of the pNBEBL-loopA variants containing 14AA (B), 10AA (C),
8AA (D), 4AA (E) and OAA (F) with pNBEBL WT. In Figure 52A the pNBEBL WT YASARA model
is compared with the pNBEBL WT Modeller model in order to show the accuracy of the
models generated with Modeller. The loop of the model generated by YASARA is shown in
green, in comparison to the loop structure obtained from Modeller (shown in red). A disulfid
bond between the both cysteine (amino acid position 62 and 81) could be observed for the
short loop model of 4AA and the complete loopA (D, F; marked in blue). A difference in loop
prediction was only observed for pNBEBL-loopA-4AA. In the model of pNBEBL-loopA-4AA the
loop was oriented to the opposite way compared to pNBEBL WT not covering the entrance
to the catalytic site. The loops of the variants with 14AA, 10AA and 8AA are covering the
entrance to the binding pocket.

3.2.5. Analysis of secondary structure by circular dichroism
Circular dichroism (CD) was used to determine the changes in secondary structures of

proteins. In this method the electric field vector rotates about its propagation direction and
generates circularly polarized light. The circularly polarized light is absorbed by chiral
chromophores like peptide bonds (>240 nm), disulfid bonds and aromatic side chains
(260-230 nm) and based on this the secondary structure can be determined. The excitation
at 220 nm caused by a transition of the non-bonding peptide bond orbitals n to the anti-
bonding m-orbitals m* and the excitation at 190 nm by the m to m* orbitals is used to
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determine the secondary structure of the proteins. The secondary structure of the
polypeptide backbone influences the dihedral angles ® and W and thus corresponds to the
energy level of the orbitals. Figure 53 shows the signal obtained by purified protein consist
of only a-helix, B-sheet or random coil secondary structures.

a-helix
W B-sheet
B random coil

Ellipticity 8[mdeg]

180 190 200 210 220 230 240 250
Wavelength [nm]

Figure 53 CD spectra of secondary structures. The pure secondary structure of the a-helix (yellow), the B-sheet
(blue) and random coil (red) are standard curves and are used as basic principles (modified from
http://www.proteinchemist.com/cd/cdspec.html, accessed 24.10.2015).

Upon complete loop deletion, variant pNBEBL-loopA-0AA showed no activity on agar plates
and in the PET-dimer MTP screening system. SDS-PAGE analysis indicates a similar
expression level for the pNBEBL-loopA-OAA compared with pNBEBL WT. CD was used to
compare folding profile of the pNBEBL-loopA-OAA variant and the respective changes in the
secondary structure. The secondary structure of pNBEBL-loopA-O0AA misses one a-helix
(from amino acid position 68 to 73) compared to pNBEBL WT due to localization within the
deleted loop. pNBEBL WT and the pNBEBL-loopA-OAA variant were expressed, purified, and
concentrated in 0.1 M sodium phosphate buffer pH 8.5 to a final concentration of 0.4 mg/ml
pNBEBL WT and 0.3 mg/ml| pNBEBL-loopA-0AA. The samples were measured by CD and the
baseline was subtracted (Figure 54).
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Figure 54 CD spectra of pNBEBL WT (¢) and the pNBEBL-loopA-OAA (A). The pNBEBL WT (0.4 mg/ml) and
pPNBEBL-loopA-0AA (0.3 mg/ml) were prepared in 0.1 M sodium phosphate buffer pH 8.5 and 140 pul were filled
in 1 mm cuvettes and measured with CD spectroscopy (JASCO). The baselines were directly subtracted.

The CD spectrum of pNBEBL WT differs from the spectrum of the pNBEBL-loopA-OAA in the
intensity of ellipcity 6 at 220 nm, where the pNBEBL WT showed a more distinct curve
(WT: -15.8; loopA-OAA: -10.6). The content of the secondary structures were calculated by
Dichroweb and summarised in Table 27. The pNBEBL-loopA-OAA showed nearly no
difference in secondary structure compared to the pNBEBL WT (a-helix: -1.0%,
B-sheet: +0.4 %, turns: +0.8 %, random coil: -0.1%). The CD analysis showed for
PNBEBL-loopA-0AA a reduced amount of a-helices which was expected after a structure
prediction by homology model.

Table 27 Structure analysis by Dichroweb, CONTIN Set 4. The CD spectra were analysed regarding the amount
of each secondary structure which are part of pPNBEBL WT or pNBEBL-loopA-OAA.

Enzyme a-helix [%] B-sheet [%] Turns [%] Random coil [%)]
PNBEBL WT 26.4 22.4 20.6 30.5
PNBEBL-loopA-0AA 25.4 22.8 21.4 30.4

No difference in secondary structures between pNBEBL WT and pNBEBL-loopA-OAA
corresponds to a correctly folded loop deletion variant. This leads to the conclusion that
activity loss originates from the missing loop and not from incorrect folding and is a clear
indicator that the loop plays a crucial role in PET-degradation.
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4. Discussion
The potential of an esterase to degrade PET polymer was firstly reported by Ribitsch et al. in

2011°°. In order to evolve the pNBEBL for PET degradation, it is necessary to use substrates
like bis(p-methylbenzoic acid)-ethylene glycol ester (PET-dimer) that resemble the aromatic
structures of PET. Until now, the PET degradation analysis is done by HPLC. This method is
time-consuming and has only a low throughput of samples over analysing time. Therefore, a
high throughput screening system is necessary for a successful esterase evolution campaign.
Hence, a MTP screening system was established using PET-dimer as model substrate. Due to
the insolubility of PET-dimer in water a dispersion was prepared and an agar matrix was
included in the screening system to prevent sedimentation of PET-dimer on the bottom of
the MTP. The additionally added pH indicator strengthen the detected signal, because
beside the decrease in turbidity a color change due to acid release can be measured which
simplifies the activity detection.

The established assay offered the possibility to further characterize the esterase regarding
their PET degradation activity. Until now it is not known which part of the amino acid
sequence plays an important role for the PET degradation. Furthermore, no PET binding
domain is known, which could serve as an investigation starting point. By computational
analysis of the esterase a loop out of 18 amino acids was conspicuous, due to size and
localization above the catalytic triad. The investigation of the loop was started by shortening
the amino acid lengths of the loop pairwise in order not to destroy the orientation of the
loop which could happen by deleting uneven numbers of amino acids. In total nine different
constructs were generated and analysed. The results indicate that the length correlates with
the substrate specificity. On tribuytrin agar plates all different loop lengths even the loop
with only two amino acids are active. Whereas, on PET-dimer agar plates (halo formation)
the loop with two amino acids is inactive and on PET-trimer agar plates the loops shorter
than ten amino acids are inactive except the loop with four amino acids, which surprisingly
recovered its activity. These results were confirmed by the established PET-dimer MTP
screening system. In the PET-dimer MTP screening system the loops shorter than ten amino
acids were inactive. This can be attributed to the reaction time. During the PET-dimer MTP
screening system the supernatant of cell lysate is incubated (~3 h, 37°C). Whereas, during
the agar plate assay the esterase is incubated at least 16 h at 37°C for cell growth,
expression and hydrolysis (halo formation). This offers all constructs which are reduced in
activity more time to convert the substrate. Thus, a direct comparison of the results
between PET-trimer agar plates and PET-dimer MTP screening system is not possible.

The observed differences in substrate conversion — tributyrin versus PET-trimer — leads to
the hypothesis that a longer or more complex substrate needs, due to steric hindrance of
the bulky substrate, more space to enter the catalytic triad. The generated models of the
different loop lengths showed that beside the pNBEBL-loopA-4AA all loops are covering the
entrance to the catalytic site. Therefore, it can be assumed that the differences in activity
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are dependent from the loop behaviour e.g. flexibility to be able to generate more space.
This is why the surface loop is supposed to be a lid or lid like loop which e.g. undergoes
conformational changes.

Lipases have a lid which moves away from the catalytic triad after an interfacial activation.
Structure analysis revealed that the lid consists of a hydrophobic domain, which interacts
with hydrophobic substrates like triglyceridess“. Jennens and Lowe (1994) figured out that
changes in the loop come along with increased activity and the variant with the lid deletion
still shows activity'®®. Furthermore, they showed an interaction between the lid and another
loop which interacts with the oxyanion hole and help stabilizing the oxyanion intermediate.
This could negatively influence the substrate binding affinity or substrate turnover. In the
case of pNBEBL the complete loop deletion was inactive. Contrary to the obtained results -
shorter loop is more substrate specific - Carriere et al. (1998) showed an increased substrate

specificity with a longer domain®®®.

The pNBEBL-loopA-OAA variant was inactive in all assay systems. Therefore, CD
measurements were done to proof the folding of the enzyme. The pNBEBL-loopA-OAA
variant and pNBEBL WT were correctly folded and inactivity can therefore be attributed to
the loop and not to missfolding. This leads to the assumption that for the activity of pNBEBL
two different points have to be addressed. The first point is the access of the substrate to
the catalytic triad. The second point is the flexibility of the loop which most likely fixes the
substrate with pressure in the binding pocket. If the loop is missing the substrate is not fixed
and subsequent the substrate is not degraded.

As a conclusion, the development of the PET-dimer MTP screening system offers the
possibility to screen libraries with PET mimicking substrates. The analysis of the loop from
amino acid position 63 to 80 covering the entrance to the catalytic triad resulted in an
inactive variant if the complete loop is deleted and therefore the loop plays a pivotal role in
PET binding or degradation. The investigation of the loop lead to the assumption that the
loop has a lid behavior similar to the one found in lipases.

The research about the pNBEBL structure was performed by adaptation of the loop length
which is located above the catalytic site. Thereby, a correlation between loop length and PET
degradation activity was observed. The obtained knowledge about the importance of the
loop is a great progress for the structure function analysis with respect to the substrate
binding.
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IV. Summary and conclusion

Plastics are widely used for packing e.g. food and textiles due to its durability. The
production of polyethylene terephthalate (PET)-based plastics is growing since 1960. A
global and unsolved challenge is the degradation of micro- and nanometer-sized PET
particles derived from e.g. washing of textiles. These micro-sized particles are shown to be
hazardous to health for maritime organisms.

Hydrolases were identified to have a PET degradation activity with optima ~60°C and not at
lower temperatures applied during laundry (especially outside of Europe). Esterases are a
class of hydrolases working at lower temperatures at cost of specific activity towards PET.
For an economical reasonable application of the esterase for PET degradation a significant
higher activity at lower temperatures is required.

A successful protein engineering campaign requires a screening system mimicking PET
structures by artificial substrates or, even better, include PET as substrate to be as close as
possible to the application conditions. Main prerequisite of a screening system is a sufficient
throughput with a standard deviation ~10 % to identify improved variants. However, to best
of my knowledge no suitable screening systems for screening of PET degradation has been
reported.

In this work two novel screening systems were developed; the novel continuous cBLE-4AAP
screening system which mimics the PET degradation by applying phenol benzoate as
substrate and the ultra-high throughput screening system Fur-Shell. In the continuous MTP
screening system cBLE-4AAP the hydrolysis of aromatic ester compounds which produce
phenols is monitored. The cBLE-4AAP screening system was established in 96-well format
(~2000 clones) and validated by identifying a 4.7-fold improved esterase variant within one
round of directed evolution. Furthermore, enzyme properties such as pH optimum and
organic solvent resistance could very likely be improved by applying this novel screening
system. Advancements for screening large libraries was achieved by developing ultra-high
throughput screening systems (>1*10° variants) to overcome the limitations of medium MTP
screening systems. The ultra-high throughput screening system Fur-Shell is flow
cytometer-based and employs the glucose oxidase-based hydrogel formation by using
B-D-(+)-glucose pentaacetate as substrate. As first example a flow cytometer whole
cell-based screening system was applied to an esterase and validated in one round of
directed evolution and led to a 7.1-fold improved esterase variant.

Furthermore, regions involved in the substrate binding were discovered by computational
analysis. The targeted loop (AA 63-80) at the entrance to the substrate binding pocket
consists of 18 amino acids. A detailed investigation of the influence of loop size on PET
degradation (PET-dimer and PET-trimer) by stepwise shortening showed that a minimal size
of ten amino acids is required to bind the substrate sufficiently long for activity detection.

A loop region controlling the activity of pNBEBL was identified and additionally screening
systems allows for the first time an efficient evolution for PET degradation.
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